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Summary

The DNA inside the eukaryotic nucleus is bound by octamers of histone proteins to form

the nucleosome as the basic repeating unit of chromatin. Along the genome, nucleosomes

locally form regularly spaced arrays. The relative position of nucleosomes along the DNA

can be described by the nucleosome repeat length (NRL) as the sum of nucleosomal DNA

and linker DNA connecting neighboring nucleosomes. Whereas short NRL are prevalent

near active promoter and enhancer regions, long NRL can be found in transcriptionally

repressed heterochromatin. Linker histone H1 is one of the most abundant nucleosome

binding proteins and serves to repress transcription. In vivo, long NRL are associated

with higher H1 content while regions with short NRL are H1 depleted. While well doc-

umented in the literature, the underlying mechanisms for the preferential H1 occupancy

in long NRL arrays remain elusive.

Here, we present the cryo-electron microscopy structures of H1-bound tetranucleosome

arrays with four physiologically relevant NRL. These NRL are characteristic for active

promoter and enhancer regions, gene bodies with active transcription and transcription-

ally repressed heterochromatin. The structures reveal an overall similar architecture of

local nucleosome organization with zig-zagging linker DNA connecting neighboring nu-

cleosomes. Nucleosomes 1 and 3 form a stack while nucleosome 2 and 4 do not stack.

Nucleosomes that do not stack have H1 bound whereas H1 binding to the stacked nucleo-

somes changes with NRL. Exit and entry DNA trajectories in stacked nucleosomes deviate

in short NRL arrays and likely preclude H1 binding, but DNA trajectories successively

relax with increasing NRL and approach optimal conditions for both stacked nucleosomes

in long NRL arrays.

The structures presented here have important implications for understanding tran-

scription in the context of nucleosome arrays. Our findings indicate that H1 binding may

be destabilized in short NRL and suggest an alternative mechanism that contributes to

H1 depletion or maintenance of H1 depletion. Further, the stable binding of H1 to long

NRL arrays can explain the repressive nature of heterochromatin. The data presented

here provide a basis for understanding how higher-order chromatin structure influences

binding of chromatin factors to shape chromatin function.
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Introduction

1.1 The eukaryotic genome is organized as chromatin

In the late nineteenth century, a phosphorous rich acidic substance, then named nuclein

(Workman and Abmayr, 2014; Dahm and Miescher, 2005), and a protein component called

histone (Workman and Abmayr, 2014; Kossel, 1884), were discovered in nuclei. Around

the same time, this nucleoprotein structure was found to be stainable by basophilic dyes

and was thus named chromatin (Workman and Abmayr, 2014). The important function

of nucleic acids became clearer only later in the middle of the twentieth century with

the discovery of deoxyribonucleic acid (DNA) as the component carrying genetic infor-

mation (Avery et al., 1944) and the determination of the double helical structure of DNA

(Franklin and Gosling, 1953; Watson and Crick, 1953) which provided insights into how

genetic information could be copied. Fractionation of the basic histone proteins contained

in nuclei revealed two major classes of histones (Stedman and Stedman, 1951), now called

core histones H2A, H2B, H3 and H4, and linker histones H1. Further work revealing that

H2A and H2B can form dimers (Kelley, 1973) and that H3 and H4 can form tetramers

(Kornberg and Thomas, 1974) together with electron microscopy studies showing chro-

matin fibers as "beads on a string" (Olins and Olins, 1974) gave rise to the model of

DNA wrapped around an octamer of histone proteins comprised of an H3-H4 tetramer

with two H2A-H2B dimers bound peripherally by one linker histone as the repeating unit

of chromatin (Kornberg, 1974). Traditionally, the term ’nucleosome core particle’ (NCP)

is used to describe the histone octamer and bound DNA whereas ’nucleosome’ refers to

NCP with linker DNA (Luger et al., 1997). However, for the sake of readability only the

term ’nucleosome’ will be used in this thesis.

1.2 Nucleosomes are the basic unit of chromatin

DNA wraps around an octamer of histone proteins to form the nucleosome as the basic unit

of chromatin. Along the genome, nucleosomes are connected by linker DNA. Nucleosomes

occupy most of the genomic DNA (Oberbeckmann et al., 2019). Besides packaging the

genome into the constraints of the nucleus, nucleosomes act as a signaling platform and as

3



4 1 | Introduction

important regulators of nuclear processes like DNA replication, transcription and repair

(Workman and Abmayr, 2014; Lai and Pugh, 2017). Chromatin represses the initiation

activity of the general transcription machinery (Laybourn and Kadonaga, 1991) and also

slows down transcription elongation. By modifying nucleosome positions and dynamics,

gene activity can thus be regulated in an effective way (Li et al., 2007).

1.2.1 The structure of the nucleosome

The core histones H2A, H2B, H3 and H4 consist of circa 100–130 amino acids. Three

α-helices α1 to α3 linked by linkers L1 and L2 make up the histone fold (Fig. 1.1a)

through which H2A-H2B and H3-H4 form antiparallel dimers (Arents et al., 1991) (Fig.

1.1b). The high resolution crystal structure of the nucleosome containing recombinantly

expressed Xenopus laevis core histones provided key insights into nucleosome function

(Luger et al., 1997) (Fig. 1.1c). In the nucleosome, two H3-H4 dimers form the H3-H4

tetramer through a four-helix bundle involving the H3 histone folds and the two H2A-H2B

dimers interact with the H3-H4 tetramer through a four-helix bundle between the H2B

and H4 histone folds (Luger et al., 1997).

Roughly 1.7 left handed turns of DNA corresponding to 145–147 base pairs (bp) of

DNA wrap around the octamer (Luger et al., 1997). The major groove of the central base

pair at the pseudo two-fold symmetric axis (dyad axis) of the nucleosome is defined as

superhelix location 0 (SHL 0) and serves as a reference for the rotational orientation of the

DNA (Luger et al., 1997). Thus, positions on the nucleosome can be described using the

range of SHL -7 to SHL +7 with integer numbers indicating the major groove facing the

histone octamer and half numbers like SHL+0.5 indicating the minor groove facing the

histone octamer (Fig. 1.1c). Direct contacts between histones and DNA mostly involve

the DNA phosphodiester backbone and generally occur where the minor groove is facing

the octamer (Luger et al., 1997). Major interaction sites are the α1α1 helices and the

two L1L2 loops of the antiparallel histone fold dimers (Luger et al., 1997) (Fig. 1.1b).

Additional interactions with DNA occur through histone fold extensions such as the H3

αN helix that contact exit and entry DNA (Luger et al., 1997).

The flexible N terminal tails of H2B and H3 exit the nucleosome core between the two

DNA superhelices while the N terminal tails of H2A and H4 run over the DNA minor

groove (Luger et al., 1997). From there, the tails extend flexibly into the solvent (Luger

et al., 1997; Davey et al., 2002) and are implicated in interactions with linker DNA and

with other nucleosomes in the context of chromatin (Dorigo et al., 2003) and serve as
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Figure 1.1: The structure of the nucleosome. (a) The four core histones H2A (yellow), H2B (red),
H3 (blue) and H4 (green) are composed of the histone fold that consists of 3 α-helices α1 to α3 linked by
linkers L1 and L2. (a) Dimerization of histones H2A-H2B and H3-H4 through the histone fold domains is
depicted here with the H3-H4 dimer. Through this arrangement, the α1α1 and the two L1L2 interaction
surfaces for DNA contact are formed (chains A and B from PDB ID 1AOI). (c) In the crystal structure
of the nucleosome containing recombinantly expressed Xenopus laevis core histones and modified human
α-satellite DNA, 1.7 turns of DNA containing 146 base pairs wrap around the core histone octamer. The
nucleosome has pseudo two-fold symmetry. The major groove of the base pair centered on the dyad axis
faces the octamer and is defined as superhelix location (SHL) 0. From there in both directions, positions
along the nucleosomal DNA are described by SHL-7 to SHL+7 where the major groove faces the octamer.
PDB ID 1AOI (Luger et al., 1997). DNA in white and blue, H2A in yellow, H2B in red, H3 in blue, H4
in green. Panels a and b after Workman and Abmayr (2014).
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signaling hubs for the regulation of nuclear processes through various post-translational

modifications (Jenuwein and Allis, 2001; Allis and Jenuwein, 2016)

The core histones are highly conserved across species (Baxevanis and Landsman, 1998)

and the structures of Xenopus laevis (Luger et al., 1997; Davey et al., 2002), chicken (Harp

et al., 2000), Saccharomyces cerevisiae (White et al., 2001) and human (Tsunaka et al.,

2005) nucleosomes are very similar. Among the conserved structural features of the nu-

cleosome is the acidic patch formed by glutamate and aspartate residues of histones H2A

and H2B on the surface of the octamer (Luger et al., 1997). The acidic patch has been

implicated in interactions between adjacent nucleosomes (Luger et al., 1997; Kalashnikova

et al., 2013a). Additionally, other chromatin factors like chromatin remodelers and his-

tone modifiers typically interact with the nucleosome acidic patch using variations of the

arginine anchor motif (McGinty and Tan, 2016, 2021).

Several core histone variants exist that alter nucleosome structure and have implica-

tions for chromatin structure and transcription regulation (McGinty and Tan, 2015). The

H2A variant H2A.Z changes octamer surface to include a metal ion, potentially affecting

interactions between nucleosomes and recruitment of chromatin factors (Suto et al., 2000).

Additionally, H2A.Z destabilizes the H2A.Z-H2B dimer interface to H3-H4 (Suto et al.,

2000). The H3 variant CENP-A that is prevalent at centromeric nucleosomes contains

shorter αN helix that binds less DNA leading to more open conformation of entry and

exit DNA (Dechassa et al., 2011; Tachiwana et al., 2011).

1.2.2 Nucleosome assembly

Histone genes

The replication dependent core histone genes are encoded in the large HIST1 cluster on

chromosome 6 and the smaller HIST2 and HIST3 clusters on chromosome 1 in humans

(Albig and Doenecke, 1997) and are transcribed during S-phase. Altogether, these clus-

ters encode for more than 10 copies of each of the four core histones (Marzluff et al.,

2002). While all H4 genes encode the same protein and all H3 genes encode 3 different

proteins, there is more variation within the H2A and H2B genes (Marzluff et al., 2002).

Histone genes typically lack introns (Pandey et al., 1990) and the mature messenger RNA

(mRNA) ends with a stem-loop rather than a poly(A) tail (Dominski and Marzluff, 1999).

The processing and cleavage of the 3’ end is carried out by the stem-loop binding protein

SLBP and the U7 snRNP which binds the purine rich histone downstream element (HDE)
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(Dominski and Marzluff, 1999). Other replication independent replacement histone vari-

ants such as H3.3 and H2A.Z are encoded by spliced and polyadenylated mRNAs (Albig

et al., 1995; Hatch and Bonner, 1990).

Nucleosome assembly

Together with in vitro experiments showing that H2A-H2B exists as dimers (Kelley, 1973)

and that H3-H4 dimers are in equilibrium with H3-H4 tetramers (Baxevanis et al., 1991),

the structure of the nucleosome led to a model of nucleosome assembly in which first

an H3-H4 tetramer or two H3-H4 dimers are deposited onto DNA, leading already to

the coordination of more than half of the full nucleosomal DNA. Then, two H2A-H2B

dimers are added to complete the octamer and bind the remaining nucleosomal DNA.

Disassembly is thought to happen in reverse. During assembly and disassembly, histone

chaperones are proposed to bind to free histones and prevent aggregation and unspecific

interactions with DNA (Laskey et al., 1978; Aguilar-Gurrieri et al., 2016; Hammond et al.,

2017).

1.2.3 Nucleosomes and transcription

The first step in transcription by RNA polymerase II (Pol II) is the assembly of the

pre-initiation complex on promoter DNA in a process called initiation (Hantsche and

Cramer, 2016; Schilbach et al., 2017; Aibara et al., 2021). Nucleosomes block transcription

initiation (Lorch et al., 1987) and have to be removed for initiation to occur (Lorch and

Kornberg, 2017). While transcription through the nucleosome is possible in vitro, it is

substantially slower than on naked DNA as the nucleosome represents a major barrier

for Pol II (Izban and Luse, 1992; Farnung et al., 2018). On the way to the nucleosome

dyad, Pol II transiently stalls near major contact sites between DNA and histones whereas

the resistance encountered by Pol II decreases drastically after passing the dyad (Kujirai

et al., 2018; Chen et al., 2019). During nucleosome transcription, Pol II is unable to

actively detach DNA from the histone octamer and is thought to act as a ratchet trapping

transiently unwrapped states (Hodges et al., 2009). The concerted and regulated action

of elongation factors and Pol II is necessary to facilitate transcription through chromatin

(Vos et al., 2020). During nucleosome transcription, histone chaperones and chromatin

remodelers are involved in preventing histone loss and maintaining chromatin (Smolle

et al., 2012; Skene et al., 2014; Farnung et al., 2021).
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1.2.4 Nucleosome positioning in vivo

Nucleosomes are thought to regulate transcription by physically blocking access to DNA

(Lai and Pugh, 2017). It is therefore interesting to study where nucleosomes are posi-

tioned along the genome, how this relates to transcriptional activity and how this changes

during transcriptional activation and deactivation. The relative position of nucleosomes

along the genome can be described by the nucleosome repeat length (NRL) as the sum

of the base pairs of the nucleosome bound DNA and the linker DNA connecting it to

the next nucleosome. Several methods have been developed to map nucleosome positions

(Lieleg et al., 2015). Strategies include but are not restricted to controlled digestion with

micrococcal nuclease (MNase) to generate short genomic fragments containing one or just

a few nucleosomes that can be used in tiling arrays (Yuan et al., 2005) or sequenced and

mapped back onto the genome (Baldi et al., 2018b).

Genome wide mapping of nucleosomes in yeast revealed a stereotypical pattern of

nucleosome positions at promoter regions (Yuan et al., 2005). There, a nucleosome free

region (NFR, sometimes referred to as nucleosome depleted region NDR) is flanked by two

well positioned nucleosomes, the -1 nucleosome upstream and the +1 nucleosome down-

stream (Yuan et al., 2005) (Fig. 1.2 (Lai and Pugh, 2017)). A phased nucleosome array

extends into the gene body, that is, nucleosomes are spaced regularly and are aligned

to a common reference (Yuan et al., 2005). The average NRL in yeast is around 167

bp (Holde, 1998). Interestingly, transcriptionally active regions have shorter NRL than

inactive regions (Chereji et al., 2018; Ocampo et al., 2016).

The presence of phased arrays near the transcription start site is conserved also in

plants and animals (Lai and Pugh, 2017). But whereas most nucleosomes in Saccha-

romyces cerevisiae are well positioned with respect to the underlying DNA (Yuan et al.,

2005), nucleosomes tend to occupy less defined positions in animals (Valouev et al., 2011)

making measurements of nucleosome spacing and NRL more difficult (Baldi et al., 2020).

In single cell MNase seq studies of human cells, it was found that nucleosome spacing is

more uniform in single cells and that this information is lost when looking at bulk data

and mononucleosome fragments (Lai et al., 2018). Interestingly, heterochromatic regions

and inactive promoter regions exhibit ill defined positioning but highly regular spacing

of nucleosomes (Lai et al., 2018). However, nucleosomes near transcription start sites of

actively transcribed genes are well defined but less regularly spaced (Lai et al., 2018).

Nucleosome arrays within actively transcribed exhibiting H3K36me3 also appeared to be
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Figure 1.2: Stereotypical arrangement of nucleosome arrays at the 5’ end of genes near ac-
tive promoters in yeast. Most nucleosomes in yeast are well positioned and arranged in a stereotypical
way at active gene promoters. A nucleosome free region (NFR, sometimes referred to as nucleosome de-
pleted region NDR) is flanked by the well positioned -1 and +1 nucleosome and followed by a phased
array of nucleosomes extending into the gene body. Adapted from Lai and Pugh (2017).

more regularly spaced (Lai et al., 2018). Similar findings were also reported for Drosophila

where a correlation between short NRL and higher transcriptional activity was also ob-

served (Baldi et al., 2018b) as was previously reported for human cells (Valouev et al.,

2011).

While it is thus still elusive how nucleosome spacing influences transcription and vice

versa, it is becoming clear that regular arrays of nucleosomes are present throughout the

genome (Baldi et al., 2018b, 2020; Lai et al., 2018). Intriguingly, NRL and transcriptional

activity also seem to be related. Short NRL are more prevalent in expressed genes whereas

long NRL are found in silent regions (Baldi et al., 2018b; Chereji et al., 2018; Ocampo

et al., 2016; Valouev et al., 2011; Lai et al., 2018). Taking the average genome wide NRL

of a wide range of eukaryotic cells, a preferred linker DNA length quantization of integer

multiples of 10 (10n, n ∈ N) was observed (Widom, 1992).

1.2.5 DNA sequence influences nucleosome positioning

Studies have shown that in the absence of other factors, DNA sequence can influence

nucleosome positions (Struhl and Segal, 2013). As nucleosomal DNA geometry deviates

substantially from free B-DNA (Luger et al., 1997) it is not surprising that due to differ-

ences in bendability (Drew and Travers, 1985), different DNA sequences show different

affinities for octamer binding (Thåström et al., 1999). Bendable dinucleotides containing

dA and dT are preferentially positioned at half SHLs where the DNA minor groove faces

and directly interacts with the octamer and dinucleotides containing dG and dC are pref-
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erentially positioned at integer SHLs with the major groove away (Satchwell et al., 1986).

Widom and colleagues exploited these intrinsic biophysical properties of DNA se-

quences and employed iterative in vitro selection for nucleosome binding followed by

amplification to generate DNA sequences with high affinity for histone octamer binding

(Lowary and Widom, 1998). Clone 601 and derivations thereof (Widom-601) are widely

used in studies due to their well defined nucleosome positioning ability.

Long runs of dA or dT exclude nucleosomes in vitro due to their stiffness (Struhl

and Segal, 2013; Nelson et al., 1987). However, the precise mechanism of nucleosome

depletion on poly(dA) tracts in vivo is controversial (Barnes and Korber, 2021). Recent

work revealed that chromatin remodelers may be able to read out biophysical properties

of DNA to direct nucleosome positioning (Oberbeckmann et al., 2021a). Further work is

necessary to dissect the precise contribution of DNA sequence to nucleosome positioning.

1.2.6 Chromatin remodelers position nucleosomes in vivo

The biophysical properties of DNA alone have been shown to be insufficient to explain the

nucleosome positions observed in vivo (Zhang et al., 2009). Rather, a family of proteins

called ATP-dependent chromatin remodeling enzymes (remodelers) regulates nucleosome

positioning by catalyzing nucleosome eviction, sliding, spacing or histone variant incor-

poration (Flaus et al., 2006; Becker and Workman, 2013; Clapier et al., 2017). Remod-

elers can broadly be categorized into the four subfamilies ISWI, CHD, SWI/SNF and

INO80 based on sequence differences in their catalytic ATPase domains (Flaus et al.,

2006; Clapier et al., 2017). All remodelers except for the CHD subfamily are multipro-

tein complexes. Most remodelers can slide nucleosomes while nucleosome eviction is only

catalyzed by RSC and Swi/Snf of the SWI/SNF subfamily (Clapier et al., 2017). Nucle-

osome spacing is carried out by CHD family remodelers, ISW1a and ISW2 of the ISWI

subfamily and INO80 of the INO80 subfamily (Clapier et al., 2017).

Remodelers with sliding activity are thought to work together with barrier factors to

direct nucleosome positioning (Zhang et al., 2009; Oberbeckmann et al., 2021b; Krieten-

stein et al., 2016; Wiechens et al., 2016; Baldi et al., 2018a). One such barrier factor

in mammals is the architectural protein CTCF (Wiechens et al., 2016) but it is also

conceivable that nucleosomes themselves serve as barriers. The spacing of nucleosomes

would then be brought about by sliding remodelers that contain an intrinsic structural

feature termed the ruler that reads out distance between nucleosomes (Yamada et al.,

2011). A recent survey on a variety of sliding remodelers found evidence for such rulers in
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remodelers with known spacing activity (Oberbeckmann et al., 2021b). The stereotypical

organization near active promoters is currently thought to start with the generation of

the NDR by a combination of poly(dA) stretches repelling nucleosomes and eviction ac-

tivity by RSC through binding the poly(dA) site and possible associated barrier factors,

followed by INO80 positioning the +1 nucleosome through DNA sequence readout (Lieleg

et al., 2015; Krietenstein et al., 2016). Spacing remodelers such as ISW1a and Chd1 would

then generate spaced arrays (Lieleg et al., 2015; Krietenstein et al., 2016). Interestingly,

these observations suggest that, in the absence of perturbations through barrier factors or

recruitment of nucleosome evicting remodelers, regularly spaced nucleosome arrays would

be generated across the genome.

1.2.7 Post-translational modifications of histone tails

Nucleosomes are heavily post-translationally modified in a regulated way mainly in the N

terminal tails of the core histones (Jenuwein and Allis, 2001; Allis and Jenuwein, 2016).

Early work on histone acetylation and methylation linked histone tail modifications to

transcription regulation (Allfrey et al., 1964). This hypothesis was further corroborated

by the identification of histone acetyl transferases (HAT) that functions as a transcrip-

tional coactivators (Brownell et al., 1996; Kuo et al., 1996; Mizzen et al., 1996; Yang et al.,

1996; Ogryzko et al., 1996) and the discovery of a transcriptional repressor with histone

deacetylase (HDAC) activity (Taunton et al., 1996). The observation of the bromodomain

binding to acetylated lysines (Dhalluin et al., 1999) triggered the histone code hypothesis

suggesting that specific histone tail modifications or combinations thereof recruit specific

factors such as chromatin remodelers that can read these modifications and carry out

their biological function in a targeted way (Strahl and Allis, 2000; Jenuwein and Allis,

2001).

Chromatin states would in that way be marked by writers with a specific combination

of post-translational histone modifications that is read out by readers and undone by

erasers. Promoters are marked by H3 lysine 4 trimethylation and possibly H3 lysine 9

acetylation (H3K4me3 and H3K9ac), while enhancers, DNA elements that enhance activ-

ity of promoters typically far away on the linear genome, carry an H3 lysine 4 monomethy-

lation and H3 lysine 27 acetylation (H3K4me1 and H3K27ac) signature (Dunham et al.,

2012; Rada-Iglesias et al., 2011). Transcribed gene bodies are marked with H3 lysine 36

trimethylation (H3K36me3) (Dunham et al., 2012). Heterochromatin is characterized by

high levels of H3 lysine 9 trimethylation (H3K9me3) (Dunham et al., 2012) which in-
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hibits histone acetylation by p300 and recruits heterochromatin protein-1 (HP1) (Stewart

et al., 2005). Recruitment of HP1 is abrogated by H3 serine 10 phosphorylation (H3S10p)

(Fischle et al., 2005), highlighting the possibility of interfering effects from neighboring

modifications.

In addition to the trans read out by chromatin factors, histone modifications can

also act directly in cis by modulating internucleosome or intranucleosome interactions

(Pepenella et al., 2014). The H3 N terminal tail exits the octamer near the DNA entry

and exit sites of the nucleosome (Luger et al., 1997) and interact preferentially with linker

DNA (Angelov et al., 2001). There are indications that post-translational modifications

change H3 tail dynamics, modifying contacts with the nucleosome, and that this modu-

lates binding of other factors by making recognition sites more accessible (Stützer et al.,

2016; Morrison et al., 2018). In the crystal structure of the nucleosome, the H4 tail has

been observed to interact with the acidic patch of another nucleosome particle (Luger

et al., 1997). This interaction was later shown to influence internucleosome interactions

and thus direct chromatin folding (Dorigo et al., 2003). Neutralization of the positive

charge by acetylation of lysines abrogates this interactions and modulates chromatin fiber

folding (Zhang et al., 2017; Allahverdi et al., 2011).

1.3 Linker histone H1 binds to nucleosomes

Linker histone H1 is one of the most abundant proteins in the eukaryotic nucleus. H1

binds to the nucleosome to form the next recurring structural unit of chromatin that is

sometimes referred to as the chromatosome (Simpson, 1978). The eleven H1 variants

in mammals are products of gene duplication and are thus paralogs (Izzo et al., 2008).

A unified nomenclature was proposed according to which they are called H1.0 to H1.10

(Talbert et al., 2012) and will be adhered to throughout this thesis. There exist seven

somatic subtypes (H1.0, H1.1 to H1.5, H1.10), three testis specific subtypes (H1.6, H1.7

and H1.9) and one oocyte specific subtype (H1.8) (Hergeth and Schneider, 2015; Fyodorov

et al., 2018). Of the somatic variants, H1.0 is enriched in terminally differentiated cells

while the others are ubiqitously expressed (Fyodorov et al., 2018). The genes of somatic

variants H1.1 to H1.5 and the testis specific H1.6 are located in the HIST1 cluster on

chromosome 6 (Millán-Ariño et al., 2016).
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1.3.1 The structure of H1

Linker histones in mammals consist of about 200 amino acids and have a conserved three

part architecture consisting of a short unstructured N terminal domain (NTD), followed

by a globular domain composed of 70 amino acids and finally a 100 amino acid long

unstructured C terminal domain (CTD) (Fig. 1.3a). The crystal structure of the globular

domain of chicken H1.0 (called H5 in birds) revealed a winged helix motif consisting of

three α helices α1 to α3 followed by a two-stranded β-sheet (Ramakrishnan et al., 1993).

The amino acid sequence of the globular domain of H1.0 to H1.5 including positively

charged residues implicated in nucleosome binding are highly conserved (Fig. 1.3a). In

contrast to this, linker histone NTD and CTD show more variation between subtypes.

Surprisingly, high resolution insight into H1 binding to nucleosomes was obtained

only recently (Zhou et al., 2013, 2015). Drosophila encodes for one H1 and an additional

variant BigH1 with a larger N terminal tail is expressed during development (Perez-

Montero et al., 2013). Drosophila H1 was shown by nuclear magnetic resonance (NMR)

to bind to the nucleosome off-dyad asymmetrically with the α3 helix near the dyad and

contacted 10 bp of one linker DNA (Zhou et al., 2013). However, by a combination of X-ray

crystallography and NMR, chicken H1.0 was observed to bind on the nucleosome dyad axis

and contact both linker DNAs (Zhou et al., 2015). This difference in binding mode was

later demonstrated to be due to the differing position of five positively charged residues

between Drosophila H1 and chicken H1.0 (Zhou et al., 2016). The human somatic variants

H1.5 (Bednar et al., 2017) and H1.0, H1.4 and H1.10 (Zhou et al., 2021a) have been

studied and all bind to the nucleosome in a very similar way, termed on-dyad, contacting

nucleosomal DNA and the two linker DNAs (Fig. 1.3b), leading to subtly different linker

DNA dynamics (Zhou et al., 2021a). Even though the long CTD contributes substantially

to the high affinity binding to nucleosomes (Hendzel et al., 2004; White et al., 2016), and

was shown to preferentially associate with one linker DNA (White et al., 2016; Bednar

et al., 2017; Zhou et al., 2021a), it appears to remain largely disordered upon binding

(Caterino and Hayes, 2011; Bednar et al., 2017; Zhou et al., 2021a).

1.3.2 H1 binding to chromatin

Studies using fluorescence recovery after photobleaching (FRAP) found that linker histone

H1 is transiently associated with chromatin in vivo with continuous exchange of H1 oc-

curing in both euchromatin and heterochromatin (Lever et al., 2000; Misteli et al., 2000).
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Figure 1.3: The structure of linker histones. (a) Linker histones H1 consist of a 70 amino acid
large globular domain (GH1) flanked by a short unstructured N terminal tail and a long unstructured
C terminal domain. The sequence of the globular domain is conserved among the somatic H1 variants
H1.0, H1.1 to H1.5 and H1.10 including positively charged residues that are important for binding to
the nucleosome (highlighted in green). GH1 consists of a winged helix domain characterized by three
α helices followed by a two-stranded β sheet (secondary structure element cartoon in blue). Protein
sequences were taken from UniProt and aligned using PROMALS3D (Pei et al., 2008). (b) The human
somatic H1 variants H1.0, H1.4, H1.5 and H1.10 bind to the nucleosome on the dyad axis contacting
nucleosomal DNA and the two linker DNAs (Bednar et al., 2017; Zhou et al., 2021a). Even though H1
is bound asymmetrically and lopsided, this mode is referred to as on-dyad. Shown exemplarily here is
the cryo-electron microscopy structure of the human somatic H1 variant H1.4 bound to the nucleosome
(PDB ID 7K5Y Zhou et al. (2021a)) with the core histones in standard colors and H1 in purple.

The relatively long residence time of several minutes depends on H1 CTD (Lever et al.,

2000; Hendzel et al., 2004). The identification of populations with distinct mobilities that

appeared to depend on H1 acetylation indicated that PTMs might regulate linker histone

binding (Misteli et al., 2000). Indeed, several modifications have been identified that are

linked to increased H1 dynamics or its eviction from chromatin (Izzo and Schneider, 2016;

Fyodorov et al., 2018).

It has been shown that H1 bound nucleosomes are generally refractory to nucleosome

sliding even though specialized complexes may be able to remodel the H1-nucleosome

complex (Maier et al., 2008; Zhou et al., 2021a). Several proteins factors have been

proposed to induce H1 eviction from chromatin. Direct competition of the pioneer tran-

scription factor FOXA1 with H1 has been proposed as it contains a similar winged helix

domain and binds to a similar site on the nucleosome (Cirillo et al., 1998, 2002). Similar

modes of action have been proposed for poly(ADP-ribose) polymerase 1 (PARP1) and

proteins belonging to the high mobility group (HMG) family (Krishnakumar et al., 2008;

Postnikov and Bustin, 2016). Recent work uncovered a direct link between core histone

acetylation and H1 eviction and showed that both are necessary to induce transcription

from H1 bound promoters (Shimada et al., 2019).
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1.3.3 H1 distribution along the genome

How different H1 paralogs are distributed along the genome has remained elusive as the

detection of specific subtypes is hindered by lack of specific antibodies and the more diffuse

pattern of H1 binding (Millán-Ariño et al., 2016). Nevertheless, studies using chromatin

immunoprecipitation (ChIP) combined with sequencing (ChIP-seq) of hemagglutinin-

tagged (HA-tagged) recombinantly knocked in H1 variants (Millán-Ariño et al., 2014)

or employing the DNA adenine methyltransferase identification (DamID) technique (Izzo

et al., 2013) provided some insight into the differential distribution of H1 variants.

Studies in Drosophila showed similar levels of H1 throughout the genome in both het-

erochromatin and euchromatin (Braunschweig et al., 2009). However, there and in the

human cancer cell line MCF7 total H1 is depleted in proximity of transcription start sites

(TSS) of active genes ("H1 valley") and other regulatory regions (Krishnakumar et al.,

2008). In mouse embryonic stem cells, H1.2 and H1.3 are inversely correlated with the

active histone mark H3K4me3, enriched at the repressive histone mark H3K9me3 and at

major satellite sequences but depleted at active promoters (Cao et al., 2013). In a survey

of somatic variants H1.1 to H1.5 in human cells, depletion of H1 from the TSS scaled

with gene activity while H1 was broadly distributed across the gene body (Izzo et al.,

2013). In a different human cancer cell line, depletion of total H1 extended beyond the

NDR and suggested that transcription depends on removal of H1 from promoter regions

(Millán-Ariño et al., 2014). Here the authors also observed a correlation between H1.2

and gene repression while it appears to be depleted at the TSS of inactive genes (Millán-

Ariño et al., 2014). In another study H1.10 was found to be enriched at coding regions

and Pol II associated regions while H1.0 was associated with repetitive DNA sequences in

the nucleolus such as ribosomal DNA (Mayor et al., 2015). The variant H1.5 was found

to be enriched at splice sites implicating it in splicing regulation (Glaich et al., 2019).

However, enrichment of specific H1 variants at specific genomic loci does not appear to be

conserved across different cell lines and might be related to the relative variant expression

levels (Millán-Ariño et al., 2014) suggesting that insights might not be directly applicable

to other cell types or developmental conditions.

While much work remains to be done to improve our understanding of the distribu-

tion of specific H1 subtypes, some common themes such as depletion of total H1 near

active promoters and regulatory sequences like CpG islands and CTCF sites and the en-

richment of certain subtypes at specialized genomic regions have emerged (Millán-Ariño
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et al., 2016).

1.3.4 H1 content correlates with nucleosome repeat length

Chromatin reconstituted in vitro in the absence of linker histone H1 shows short spacings

and titration of H1 leads to an increase in NRL (Blank and Becker, 1995; Eggers and

Becker, 2021). Interestingly, different H1 variants appear to induce different spacings

(Öberg et al., 2012). Cations with different valencies had a similar effect on increasing

NRL with higher concentration that depended on their total charge, suggesting that the

propensity for electrostatic neutralizations might influence the NRL (Blank and Becker,

1995). But how this effect translates mechanistically is unclear.

Similar observations were made in vivo. Knock out studies targeting three major

somatic variants in mouse embryonic stem cells led to reduction in H1 levels by circa

50% that was concomitant with a global reduction of NRL (Fan et al., 2005). Conversely,

overexpression of two H1 variants leading to circa 1.2 fold increase in H1 expression caused

an increase in NRL (Gunjan et al., 1999). Comparisons across several organisms, tissue

types and cell types revealed an almost linear relationship between H1 to nucleosome

stoichiometry and NRL (Woodcock et al., 2006). Thus, while the correlation between H1

content and NRL exists and higher H1 content seems to be associated with longer NRL,

the underlying molecular mechanisms for this phenomenon remain elusive.

1.3.5 H1 function in transcription

While initially linker histone H1 was thought to be generally repressive for transcription,

recent work revealed that H1 carries out diverse functions that modulate gene activity

rather than globally inhibit it (Fan et al., 2005; Fyodorov et al., 2018).

H1 regulates epigenetic marks

Part of H1 repressive activity may stem from inhibiting core histone acetylation, marks

usually associated with transcriptional activity and open chromatin (Herrera et al., 2000;

Sun et al., 2015). H1 has also been shown to inhibit SET7/9, the HMT that catalyzes the

core histone methylation of H3K4me3 that is characteristic for active promoters (Yang

et al., 2013). How H1 carries out its inhibitory effects on histone modifying enzymes is

unknown. Studies indicate that H1 binding to the nucleosome may alter H3 tail dynam-

ics either directly or indirectly through the CTD and thereby modulate its accessibility
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(Stützer et al., 2016; Morrison et al., 2018; Hao et al., 2020; Zhou et al., 2021a).

Additionally, recruitment of HDACs has been observed and might potentiate the

resulting hypoacetylation and decreased transcriptional activity (Vaquero et al., 2004).

Conversely, H1 is associated with core histone methylations that are linked to heterochro-

matin formation and transcriptional repression. Specifically, H1 recruits the H3K9 histone

methyltransferase Su(var)3-9 to chromatin to facilitate heterochromatin formation by het-

erochromatin protein-1 (HP1) (Lu et al., 2013; Healton et al., 2020). H1 is also able to

recruit DNA methyltransferases to regulate imprinting regions (Fan et al., 2005; Yang

et al., 2013) and may similarly be involved in regulation of transcription from CpG island

promoters (Grand et al., 2021). Recruitment of modifiers depends on protein-protein

interactions with the H1 CTD (Yang et al., 2013; Lu et al., 2013; Fyodorov et al., 2018).

H1 subtypes may carry out distinct functions

Evidence suggests that specific H1 subtypes may have specialized biochemical functions.

Specifically, H1.2 may be involved in regulation of transcriptional elongation due to in-

teractions with the E3 ubiquitin ligase Cul4A and elongation factor PAF1 and Pol II

phosphorylated at S2 in its long unstructured C terminal domain (Kim et al., 2013). Dif-

ferent subtypes may also be involved in splicing of pre-mRNA. It was found that splicing

factors bind to H1.0 (Kalashnikova et al., 2013b) and that H1.5 is enriched at splice sites

that exhibit stalled Pol II and exon inclusion while depletion of H1.5 led to decrease in

exon inclusion and a decrease in stalled Pol II (Glaich et al., 2019).

H1 compacts chromatin

Beside the biochemical functions of H1 outlined above, the most immediate and easily

appreciable effect of linker histone H1 binding is the condensation of chromatin (Thoma

et al., 1979) that is directly linked to transcriptional repression (Healton et al., 2020).

Condensation partially depends on the high lysine content of H1 neutralizing the neg-

ative charge of DNA and alleviating electrostatic repulsion from DNA and neighboring

nucleosomes (Widom, 1986; Bednar et al., 1998). In addition to the proposed charge neu-

tralizing effect, H1 binds to nucleosomal DNA near the dyad and contacts linker DNA,

drastically reducing linker DNA dynamics with effects subtly varying between H1 sub-

types and contributing to nucleosome array compaction (Bednar et al., 2017; Perišić et al.,

2019; Zhou et al., 2021a).
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1.4 Nucleosome arrays

Compaction of nucleosome arrays is thought to modulate transcription by blocking access

to DNA (Bednar et al., 1998; Klemm et al., 2019). Studies using analytical ultracentrifu-

gation, negative stain electron microscopy, and restriction enzyme digests to probe the

structure of chromatin arrays of different lengths, NRL, histone tail modifications and

linker histone contents have shed much light on the biophysical nature and properties of

nucleosome arrays (Dorigo et al., 2004; Robinson et al., 2006; Robinson and Rhodes, 2006;

Routh et al., 2008). To understand the intricate molecular mechanisms of how structure

and compaction affect chromatin function, however, molecular resolution insight into the

structure of nucleosome arrays is necessary.

1.4.1 The structure of nucleosome arrays

For a long time, two models of ordered nucleosome arrangements into a chromatin fiber (30

nm fiber) were prevalent (Robinson et al., 2006; Tremethick, 2007). In the solenoid or one-

start model, nucleosomes linearly lead along a helical path (Finch and Klug, 1976) whereas

in the two-start or zig-zag model, the DNA path zig-zags back and forth perpendicularly

to the fiber axis (Thoma et al., 1979; Woodcock et al., 1984). However, the structure and

the physiological relevance of the 30 nm fiber are still controversial (Grigoryev et al., 2009;

Maeshima et al., 2010; Fussner et al., 2011; Maeshima et al., 2014; Zhou et al., 2018).

Tetranucleosome structure revealed a zigzag arrangement of nucleosomes

The medium resolution crystal structure of the compacted tetranucleosome array with

an NRL of 167 bp was the first structure of nucleosome arrays at molecular resolution

(Schalch et al., 2005). Hereafter nucleosome arrays are referred to by the number of nu-

cleosomes in the array followed by the NRL and the tetranucleosome array with NRL 167

bp will thus be called 4x167. The 4x167 crystal structure showed two stacks of nucleo-

somes connected in a zigzag way (Schalch et al., 2005) (Fig. 1.4) that is consistent with

previous crosslinking studies from the same lab (Dorigo et al., 2004). The arrangement of

nucleosomes is two-fold symmetric: the symmetry axis passes midway between the stacks

in the linker connecting nucleosome 2 and nucleosome 3 and makes nucleosomes 1 and

2 and the connecting linker DNA symmetric with nucleosome 3 and 4 and their linker

DNA (Schalch et al., 2005). In the compacted tetranucleosome, nucleosomes 3 is stacked
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Figure 1.4: The crystal structure of the 4x167 nucleosome array. The arrangement has two-
fold symmetry with nucleosomes 1 and 2 and the connecting linker DNA (gold) being symmetric to
nucleosomes 3 and 4 and the connecting DNA (dark blue). In the tetranucleosome DNA zigzags back
and forth between the nucleosomes of two stacks. Nucleosomes 1 and 3 form a stack and nucleosomes 2
and 4 form the second stack. The dyad axes of stacking nucleosomes are aligned and point to the opposite
stack that is rotated by roughly 90◦. Color code of core histones as in Fig. 1.1. PDB 1ZBB after Schalch
et al. (2005).

on top of nucleosome 1 while nucleosome 4 is stacked on top of nucleosome 2 (Fig. 1.4).

The two stacks are rotated almost 90◦ to each other, the dyad axes of stacking nucle-

osomes are approximately aligned and face those of the opposite stack (Schalch et al.,

2005). Considering the 100 Å (10 nm) diameter of the nucleosome, the tetranucleosome

is very compact as the nucleosome stack centers are only 150 Å (15 nm) apart (Schalch

et al., 2005). The contact made between two stacking nucleosomes included the adjacent

H2A-H2B dimers (Schalch et al., 2005) and precludes the contact of the H4 tail with the

H2A-H2B acidic patch that was observed in the mononucleosome structure (Luger et al.,

1997). While the structure of the tetranucleosome was informative for our understanding

of nucleosome arrays, it could not provide insight into how linker histone H1 binds to and

influcences the structure of nucleosome arrays.

Arrays of 12 nucleosomes containing H1 at molecular resolution

Some information on linker histone binding to arrays was won by a cryo-electron mi-

croscopy (cryo-EM) study of linker histone H1 containing arrays of 12 nucleosomes with

NRL 177 bp and 187 bp (12x177 and 12x187) (Song et al., 2014). Nucleosomes zigzag
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Figure 1.5: The cryo-electron microscopy structure of H1 containing 12x177 and 12x187
nucleosome arrays. (a) Nucleosomes are arranged in a zigzag fashion along the chromatin fiber.
Tetranucleosome units (purple, orange, blue) stack on top of each other and are structurally very similar
to the 4x167 crystal structure (Schalch et al., 2005). (b) Linker histone H1 (green) binds the nucleosomes
of the array asymmetrically off-dyad. Atomic coordinates of the models for the 12x177 and 12x187 have
not been deposited. Figure panels were adapted and modified from Song et al. (2014).

back and forth along the fiber axis and the (i+2 )-th nucleosome stacks on top of the i -th

nucleosome (Fig. 1.5a). While arrangement of nucleosomes was similar in the 12x177

and the 12x187, fiber dimensions in the 12x187 were larger due to the longer DNA linker.

Interestingly, the structures revealed a modular composition of the fiber with tetranucle-

osomes similar to the 4x167 (Schalch et al., 2005) stacked on top of each in a slightly

twisted way (Fig. 1.5a). The stacking between nucleosomes within the tetranucleosome

unit appeared to be similar to the 4x167 with H2A-H2B dimers of stacking nucleosomes

in contact, whereas stacking between tetranucleosome units was more loose (Song et al.,

2014).

Linker histone H1 was observed stoichiometrically on the nucleosomes of the array

(Song et al., 2014). Intriguingly, H1 localized near the dyad but was substantially shifted

towards one DNA linker. In this position, the authors suggest that H1 interacts with H1

of the adjacent tetranucleosome unit to induce the twisted arrangement. The position of

H1 is surprising because the structure of the nucleosome with H1.5 that has a virtually

identical globular domain to the H1.4 variant used in this study showed that H1.5 binds

on the dyad (Bednar et al., 2017). Additionally, H1.4 was later observed by cryo-EM to

bind in the canonical on-dyad mode on the mononucleosome (Zhou et al., 2021a). This

difference could be due to restraints imposed on H1 by the structure of the nucleosome

array. However, a subsequent study showed that the crosslinking method used to deter-

mine the structure of the H1 bound 12x177 and 12x187 perturbs array conformation and

changes how H1 interacts with the nucleosome (Zhou et al., 2018).
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Figure 1.6: The crystal structure of an H1 containing 6x187 nucleosome array. Nucleosomes
zigzag and stack loosely along the chromatin fiber to adopt a flat conformation. In solution, linker histone
H1 binds to the dyad of the nucleosome but no density for H1 was observed in the crystal. PDB 6HKT
(Garcia-Saez et al., 2018).

An array of 6 nucleosomes with H1

The cyrstal structure of an H1 containing array of 6 nucleosomes with NRL 187 bp

(Garcia-Saez et al., 2018) showed the same zigzag arrangement of nucleosomes with the

(i+2 )-th nucleosome stacking on top of the i -th nucleosome (Fig. 1.6). Here however,

nucleosomes were stacked uniformly along the fiber in a more loose way (Garcia-Saez

et al., 2018) and the array adapted a flat conformation (Fig. 1.6). While localization of

H1 to the dyad of the nucleosomes in the array was confirmed in solution, density for

linker histone was not observed.

Binding mode of H1 to nucleosome arrays is unclear

Other medium to high resolution structures of nucleosome arrays or multi nucleosome

templates with different chromatin factors exist (Ekundayo et al., 2017; Machida et al.,

2018; Poepsel et al., 2018; Adhireksan et al., 2020; Zhou et al., 2021b) and have increased

our understanding of how chromatin factors associate with nucleosomes in the context of

longer nucleosome arrays. But despite considerable effort, the precise mode of interaction
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between linker histone H1 and nucleosomal arrays remains elusive.

1.4.2 Nucleosome organization in vivo

In contrast to the regularly ordered chromatin arrays observed by X-ray crystallography

and cryo-electron microscopy in vitro (Schalch et al., 2005; Song et al., 2014; Ekundayo

et al., 2017; Garcia-Saez et al., 2018; Adhireksan et al., 2020; Zhou et al., 2021b), chro-

matin in vivo appears to be very heterogeneous. In vitro experiments and molecular

dynamics simulations suggest that nucleosome arrays can adapt a wide variety of confor-

mations (Zhou et al., 2018; Mauney et al., 2021; Ding et al., 2021; Zhurkin and Norouzi,

2021) with some enriched local configurations such as stacked nucleosomes (Mauney et al.,

2021; Ding et al., 2021). Indeed, while there is evidence for regularly folded chromatin

fibers in terminally differentiated chicken erythrocyte nuclei (Scheffer et al., 2011), most

chromatin in or ex vivo seems to have no apparent order (Eltsov et al., 2008; Nishino

et al., 2012; Chen et al., 2016; Ou et al., 2017; Cai et al., 2018; Xu et al., 2021; Beel et al.,

2021). Further, nucleosomes seem to be arranged in small clusters rather than large fibers

with DNA mostly zigzaging back and forth to form loosely defined tetranucleosome folding

motifs (Ricci et al., 2015; Risca et al., 2017; Ohno et al., 2019; Beel et al., 2021).
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1.5 Aim

Recent years have seen the development of many approaches to study chromatin or-

ganization and its impact on transcription regulation. Methods based on chromosome

conformation capture (3C) technology are able to measure interaction frequencies be-

tween genomic segments and have revolutionized how we think about the genome three

dimensionally. Understanding the molecular mechanisms governing chromatin processes

however requires molecular resolution insight into the interactions between chromatin and

chromatin binding factors.

The structures of single nucleosomes are informative but in vivo chromatin exists as

regular arrays of nucleosomes. Structural studies of arrays in the presence or absence of

linker histone H1 have provided answers for many fundamental questions about how DNA

is packaged and the impact on chromatin linked processes. But studies could not confirm

the existence of long chromatin fibers or regular ordered fibers in vivo. Additionally, the

nucleosome repeat length (NRL) is linked to the transcriptional output of the underlying

genomic region, and a correlation between linker histone H1 content and the NRL has

been established. Do short nucleosome arrays of different NRL share common structural

features? How do they change with increasing NRL? How does H1 bind to the nucleosome

array? And given the link between NRL and transcriptional activity, does H1 binding

depend on the NRL?

In this study we sought to determine the structures of H1 containing nucleosome arrays

with different NRL to study their structure, elucidate how H1 binds to the nucleosome ar-

ray and to dissect the contribution of NRL to H1 binding. For this, we reconstituted short

arrays of four nucleosomes with NRL characteristic of that found near active promoter

regions (4x177), in the gene bodies of actively transcribed genes (4x187 and 4x197) and in

silent heterochromatin regions (4x207). We saturated the arrays with H1 and determined

their structures by cryo-electron microscopy.
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Materials

2.1 Chemicals and consumables

Common chemicals such as NaCl and HEPES were procured from Merck, Sigma-Aldrich,

Roth and Thermo Fisher Scientific and were used interchangeably if they were of the

same grade. Enzymes such as Phusion polymerase, restriction enzymes and micrococcal

nuclease were generally procured from New England BioLabs except for Ulp1. Deviations

from this will be stated in the methods text if applicable.

Table 2.1: Chemicals and consumables used in this work.

Chemicals/Consumables Manufacturer
AG 501-X8 resin Bio-Rad
Amicon Ultra centrifugal filters Merck
HiTrap Q column GE Healthcare
HiTrap S column GE Healthcare
Instant Blue Expedeon Inc., San Diego, US
NucleoBond PC 10000 Macherey-Nagel
NuPAGE 4 to 12%, Bis-Tris Mini Protein Gel Thermo Fisher Scientific
NuPAGE MES SDS Running buffer Thermo Fisher Scientific
NuPAGE MOPS SDS Running buffer Thermo Fisher Scientific
QIAquick Gel Extraction Kit Qiagen
QIAquick Spin Miniprep Kit Qiagen
Slide-A-Lyzer Dialysis buttons Thermo Fischer Scientific
SnakeSkin Dialysis Tubing Thermo Fischer Scientific

2.2 Buffers, media and supplements

Table 2.2: Standard buffers used in this work.

Buffer Composition

NuPAGE MES 50 mM MES, 50 mM Tris, 0.1% SDS, 1 mM EDTA, pH 7.3

SDS buffer

NuPAGE MOPS 50 mM MOPS, 50 mM Tris, 0.1% SDS, 1 mM EDTA, pH 7.7

25
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SDS buffer

PBS 137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO24

Protease inhibitor

cocktail

0.284 µg/ml leupeptin, 1.37 µg/ml pepstatin A, 0.17 mg/ml PMSF,

0.33 mg/ml benzamidine

TBE 89 mM Tris, 89 mM boric acid, 2 mM EDTA

TAE 40 mM Tris, 20 mM acetic acid, 1 mM EDTA

Table 2.3: Media used in this work.

Media Composition

LB 1% (w/v) tryptone, 0.5% (w/v) yeast extract, 0.5% (w/v) NaCl

Table 2.4: Supplements and antibiotics used in this work.

Supplement Stock concentration Final concentration

Ampicillin 50 mg/mL 50 µg/mL

Chloramphenicol 34 mg/mL 34 µg/mL

Kanamycin 100 mg/mL 100 µg/mL

IPTG 0.5 mol/L 0.5 mmol/L
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2.3 Bacterial strains

Table 2.5: Bacterial strains used in this work.

Strain Genotype Supplier
E. coli

BL21 (DE3) RIL F- ompT hsdS(rB− mB−)dcm+ Tetr gal λ(DE3) Agilent
endA Hte [argU ileY leuW Camr]

BL21 (DE3) F- ompT gal dcm lon hsdSB(rB−mB−) λ(DE3 Novagen
Rosetta 2 pLysS [lacI lacUV5-T7p07 ind1 sam7 nin5])

[malB+]K−12(λS) pLysSRARE[T7p20 ileX
argU thrU tyrU glyT thrT argW metT leuW
proL orip15A](CamR)

XL1 blue endA1 gyrA96(nalR) thi-1 recA1 relA1 lac
glnV44 F’[ ::Tn10 proAB+ lacIq ∆(lacZ)M15]
hsdR17(rK- mK+)

Stratagene

2.4 Vectors

Table 2.6: Vectors used in this work.

Plasmid Source Resistance Expression
host

Addgene
number

LIC 1B Scott Gradia Kan E. coli T7 29653
QB3 MacroLab

2.5 DNA sequences

4x177 sequence

ATCCCGGATCCCCTGGAGAATCCCGGTGCCGAGGCCGCTCAATTGGTCGTA

GACAGCTCTAGCACCGCTTAAACGCACGTACGCGCTGTCCCCCGCGTTTTAA

CCGCCAAGGGGATTACTCCCTAGTCTCCAGGCACGTGTCACATATATACATC

CTGTTCCAGTGCCGGACCCGAGCATCCGGATCCCCTGGAGAATCCCGGTGCC

GAGGCCGCTCAATTGGTCGTAGACAGCTCTAGCACCGCTTAAACGCACGTAC

GCGCTGTCCCCCGCGTTTTAACCGCCAAGGGGATTACTCCCTAGTCTCCAGG

CACGTGTCACATATATACATCCTGTTCCAGTGCCGGACCCGAGCATCCGGAT

CCCCTGGAGAATCCCGGTGCCGAGGCCGCTCAATTGGTCGTAGACAGCTCT



28 2 | Materials

AGCACCGCTTAAACGCACGTACGCGCTGTCCCCCGCGTTTTAACCGCCAAGG

GGATTACTCCCTAGTCTCCAGGCACGTGTCACATATATACATCCTGTTCCAG

TGCCGGACCCGAGCATCCGGATCCCCTGGAGAATCCCGGTGCCGAGGCCGC

TCAATTGGTCGTAGACAGCTCTAGCACCGCTTAAACGCACGTACGCGCTGTC

CCCCGCGTTTTAACCGCCAAGGGGATTACTCCCTAGTCTCCAGGCACGTGTC

ACATATATACATCCTGTTCCAGTGCCGAT

4x187 sequence

ATCTCTCGCGCACTGGCCGCCTGGAGAATCCCGGTGCCGAGGCCGCTCAATT

GGTCGTAGACAGCTCTAGCACCGCTTAAACGCACGTACGCGCTGTCCCCCGC

GTTTTAACCGCCAAGGGGATTACTCCCTAGTCTCCAGGCACGTGTCAGATAT

ATACATCCTGTCATGTAAGTATTAAGGTAACCCGTCTCGCGCACTGGCCGCC

TGGAGAATCCCGGTGCCGAGGCCGCTCAATTGGTCGTAGACAGCTCTAGCA

CCGCTTAAACGCACGTACGCGCTGTCCCCCGCGTTTTAACCGCCAAGGGGAT

TACTCCCTAGTCTCCAGGCACGTGTCAGATATATACATCCTGTCATGTAAGT

ATTAAGGTAACCCGTCTCGCGCACTGGCCGCCTGGAGAATCCCGGTGCCGA

GGCCGCTCAATTGGTCGTAGACAGCTCTAGCACCGCTTAAACGCACGTACGC

GCTGTCCCCCGCGTTTTAACCGCCAAGGGGATTACTCCCTAGTCTCCAGGCA

CGTGTCAGATATATACATCCTGTCATGTAAGTATTAAGGTAACCCGTCTCGC

GCACTGGCCGCCTGGAGAATCCCGGTGCCGAGGCCGCTCAATTGGTCGTAG

ACAGCTCTAGCACCGCTTAAACGCACGTACGCGCTGTCCCCCGCGTTTTAAC

CGCCAAGGGGATTACTCCCTAGTCTCCAGGCACGTGTCAGATATATACATCC

TGTCATGTAAGTATTAAGGTGAT

4x197 sequence

ATCGTCTCGCGCACTGGCCGCCATACTGGAGAATCCCGGTGCCGAGGCCGC

TCAATTGGTCGTAGACAGCTCTAGCACCGCTTAAACGCACGTACGCGCTGTC

CCCCGCGTTTTAACCGCCAAGGGGATTACTCCCTAGTCTCCAGGCACGTGTC

AGATATATACATCCTGTCATGTAAGTATTAAGGTAACCCAGTACTGTCTCGC

GCACTGGCCGCCATACTGGAGAATCCCGGTGCCGAGGCCGCTCAATTGGTC

GTAGACAGCTCTAGCACCGCTTAAACGCACGTACGCGCTGTCCCCCGCGTTT

TAACCGCCAAGGGGATTACTCCCTAGTCTCCAGGCACGTGTCAGATATATAC
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ATCCTGTCATGTAAGTATTAAGGTAACCCAGTACTGTCTCGCGCACTGGCCG

CCATACTGGAGAATCCCGGTGCCGAGGCCGCTCAATTGGTCGTAGACAGCT

CTAGCACCGCTTAAACGCACGTACGCGCTGTCCCCCGCGTTTTAACCGCCAA

GGGGATTACTCCCTAGTCTCCAGGCACGTGTCAGATATATACATCCTGTCAT

GTAAGTATTAAGGTAACCCAGTACTGTCTCGCGCACTGGCCGCCATACTGGA

GAATCCCGGTGCCGAGGCCGCTCAATTGGTCGTAGACAGCTCTAGCACCGC

TTAAACGCACGTACGCGCTGTCCCCCGCGTTTTAACCGCCAAGGGGATTACT

CCCTAGTCTCCAGGCACGTGTCAGATATATACATCCTGTCATGTAAGTATTA

AGGTAACCCGAT

4x207 sequence

ATCCTGGCCGCCACTGGCCGCCACTGGCCACTGGAGAATCCCGGTGCCGAG

GCCGCTCAATTGGTCGTAGACAGCTCTAGCACCGCTTAAACGCACGTACGCG

CTGTCCCCCGCGTTTTAACCGCCAAGGGGATTACTCCCTAGTCTCCAGGCAC

GTGTCACATATATACATCCTGTGCATGTAAGTGCATGTAAGTGCATGTAAGT

ACTCTGGCCGCCACTGGCCGCCACTGGCCACTGGAGAATCCCGGTGCCGAG

GCCGCTCAATTGGTCGTAGACAGCTCTAGCACCGCTTAAACGCACGTACGCG

CTGTCCCCCGCGTTTTAACCGCCAAGGGGATTACTCCCTAGTCTCCAGGCAC

GTGTCACATATATACATCCTGTGCATGTAAGTGCATGTAAGTGCATGTAAGT

ACTCTGGCCGCCACTGGCCGCCACTGGCCACTGGAGAATCCCGGTGCCGAG

GCCGCTCAATTGGTCGTAGACAGCTCTAGCACCGCTTAAACGCACGTACGCG

CTGTCCCCCGCGTTTTAACCGCCAAGGGGATTACTCCCTAGTCTCCAGGCAC

GTGTCACATATATACATCCTGTGCATGTAAGTGCATGTAAGTGCATGTAAGT

ACTCTGGCCGCCACTGGCCGCCACTGGCCACTGGAGAATCCCGGTGCCGAG

GCCGCTCAATTGGTCGTAGACAGCTCTAGCACCGCTTAAACGCACGTACGCG

CTGTCCCCCGCGTTTTAACCGCCAAGGGGATTACTCCCTAGTCTCCAGGCAC

GTGTCACATATATACATCCTGTGCATGTAAGTGCATGTAAGTGCATGTAGAT



30 2 | Materials

Table 2.7: DNA sequences used in this work.

Name sequence
v1fw Smt3 TACTTCCAATCCAATGCATCGGACTCAGAAGTCAAT

CAAGAAGCTAAGC
Smt3 rv CCCACCAATCTGTTCTCTGTGAGCC
Smt3-H1.4 CTCACAGAGAACAGATTGGTGGGAGCGAAACCGCAC

CGG
H1.4-GyrA ACCAGTGCATCACCGGTAATACATTTCTTTTTGGCT

GCTGCCTTCTTAGG
GyrA fw TGTATTACCGGTGATGCACTGGTTGC
v1rv GyrA TTATCCACTTCCAATGTTATTAATGGTGATGATGAT

GGTGATGGGTTG

2.6 Recombinant plasmids

Table 2.8: Recombinant plasmids used for protein expressions in this work. Asterisks denote full length
protein sequence. All sequences for histones are human, Ulp1 sequence is from Saccharomyces cerevisiae.
Linker histone H1.4 sequence after cleavage described in Methods is the full length protein without leading
methionine.

Factor Residues Tag(s) Vector Selection Source

H2A 1-130 * N-His6 LIC 1B Kan Dodonova

type 1-B/E et al., 2020

H2B 1-126 * pET22b Amp Dodonova

type 1-K et al., 2020

H3.2 1-136 * pET22b Amp Dodonova

et al., 2020

H4 1-103 * pET3a Amp Dodonova

et al., 2020

H1.4 2-218 N-His6-Smt3 LIC 1B Kan this study

GyrA-His6-C

Ulp1 403-621 N-His6 pFGET19 Kan Addgene 64697
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Table 2.9: Recombinant plasmids used for DNA template production in this work. DNA templates were
designed based on the tetranucleosomal unit in the 12x177 (Song et al., 2014) and ordered from GeneArt
(Thermo Fisher Scientific).

Template Length (bp) Vector Selection Source

4x177 702 pMX Kan GeneArt

4x187 748 pMX Kan GeneArt

4x197 788 pMX Kan GeneArt

4x207 828 pMX Kan GeneArt
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Methods

3.1 Gel electrophoresis

3.1.1 Agarose gel electrophoresis

Products of restriction enzyme digests, PCR, micrococcal nuclease digest and PEG pre-

cipitation were analyzed by agarose gel electrophoresis on a gel containing 1% (w/v)

agarose in TAE buffer with SYBR safe DNA gel stain (Invitrogen) unless stated other-

wise. Samples were mixed with 6x DNA Loading Dye (New England BioLabs) to a final

concentration of 1x dye and loaded onto the gel. For comparison, the 1 kb DNA ladder

(New England BioLabs) was loaded onto the same gel. The gel was run at 120 V for 20

to 30 min until separation of samples was satisfactory. Visualization of DNA was done

using the INTAS GEL iX20 Imager system.

3.1.2 Sodium-dodecyl-sulfate polyacrylamide gel electrophoresis

(SDS-PAGE)

Separation of proteins according to their molecular weight was performed by sodium-

dodecyl-sulfate polyacrylamide gel electrophoresis (SDS-PAGE) during protein purifica-

tion. Samples were mixed with 4x loading dye (250 mM Tris-HCl pH 6.8, 10% SDS, 0.01

% bromophenol blue, 20% β-mercapto ethanol, 40% glycerol) to a final concentration of

1x dye and incubated at 95 ◦C for 5 min and loaded onto a NuPAGE 4-12% gradient Bis-

Tris Protein gel (Invitrogen). For comparison, the PageRuler Prestained Protein Ladder

(Thermo Fisher Scientific) was loaded as molecular weight standard. Electrophoresis was

done in 1x MOPS or 1x MES SDS-PAGE buffer (Invitrogen) at 200 V for 45 min. Pro-

tein was visualized by incubating with Instant Blue (Invitrogen) for 1 h or over night and

destaining by incubating with deionized water. Gels adequately stained and destained

were imaged using an Epson Perfection V800 flatbed scanner.

33
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3.1.3 Electrophoretic mobility shift assay (EMSA)

Samples from nucleosome array reconstitutions with or without linker histone H1.4 were

analyzed by electrophoretic mobility shift assay (EMSA). Before loading, the sample was

adjusted to 300 ng DNA in 14 µL of HEN 0 buffer (10 mM HEPES pH 7.0, 1 mM DTT,

1 mM EDTA) and 1 µL of HEN 0 containing 30% glycerol was added for a total sample

volume of 15 µL. Sample was analyzed on a 1.2% agarose in 0.5x TBE buffer for 3 h at

100 V at 4 ◦C using the 1 kb DNA ladder (New England BioLabs) as a size standard.

After electrophoresis, the gel was incubated in 0.5x TBE buffer containing SYBR safe

DNA gel stain (Invitrogen) for 30 min and imaged using the INTAS GEL iX20 Imager

system.

3.2 DNA methods

3.2.1 Polymerase chain reaction (PCR)

Polymerase chain reaction (PCR) was used to amplify DNA sequences and to fuse gene

fragments by using overlapping primers. Phusion High-Fidelity DNA polymerase (New

England BioLabs) was used according to the manufacturer’s instructions in a 50 µL re-

action containing 0.5 µM forward primer, 0.5 µM reverse primer, 50 ng DNA template,

200 µM dNTPs, 1x Phusion HF buffer (New England BioLabs) and 1 unit Phusion DNA

polymerase. A standard PCR program (Table 3.1) was run on a Professional TRIO Ther-

mocycler (Analytik Jena), the product was analyzed by agarose gel electrophoresis and

the band corresponding to the desired product was extracted using the Qiagen QIAquick

Gel extraction kit according to the manufacturer’s instructions.

3.2.2 Transformation of chemically competent E. coli

Frozen chemically competent E. coli suspensions were thawed on ice and added to plasmid

DNA solutions. The mixture was incubated on ice for 30 min, then heat shocked at 42 ◦C

for 45 s and kept on ice for 2 min. After that, 1 mL of LB medium was added and cells

were incubated for 1 h at 37 ◦C and 500 rpm in an Eppendorf Thermomixed. Cells were

plated on LB agar plates containing the appropriate selection antibiotic and incubated

over night at 37 ◦C. Material from plates was used directly or plates were stored at 4 ◦C
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Table 3.1: Polymerase chain reaction (PCR) protocol for the amplification and fusion of DNA sequences.
Annealing temperature and elongation time were modified to fit primer pairs and length of product,
respectively.

Step Temperature Time Repeat
1. Initial denaturation 98 ◦C 30 s
2. Denaturation 98 ◦C 15 s
3. Annealing 60-70 ◦C 30s s
4. Elongation 72 ◦C 30 s / kb s go to step (2) 30x

5. Final elongation 72 ◦C 10 min
6. Hold 4 ◦C hold

until use.

3.2.3 Ligation independent cloning (LIC)

PCR

DNA sequences coding for Smt3 (plasmid coding for an Smt3-tagged protein was a gift

from S. Schilbach), human H1.4 (synthesized by IDT and codon optimized for E. coli),

and GyrA (synthesized by IDT) were amplified by PCR. Products were extracted from

an agarose gel and fused by overlap PCR using primers that also introduced the LIC

adapters.

Plasmid linearization

Restriction enzyme digests were used to linearize the target vector for insertion of DNA

prepared by overlap PCR. For this, 0.6 µg of vector LIC-1B were mixed with 5 µL of

10x CutSmart Buffer (New England BioLabs), 1 µL of the enzyme SspI (New England

BioLabs), adjusted to a total volume of 50 µL, and incubated at 37 ◦C for 1 h. The reaction

was analyzed by agarose gel electrophoresis and the linearized vector was extracted using

the Qiagen QIAquick Gel extraction kit according to the manufacturer’s instructions.

LIC reaction

Insert prepared by overlap PCR and linearized target plasmid were treated with T4 DNA

polymerase (New England BioLabs) in the presence of complementary dNTP to generate

complementary overhangs. For this, 10 µL of gel purified vector or 10 µL of gel purified

PCR product were mixed with 2 µL of dCTP (Thermo Fisher Scientific) for LIC-1B or
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dGTP (Thermo Fisher Scientific) for PCR product, 1 µL of 100 mM DTT, 2 µL of 10x

T4 DNA pol buffer (New England BioLabs), 4.6 µL of deionized water and 0.4 µL of

T4 DNA polymerase for a total reaction volume of 20 µL. The reactions were incubated

at 22 ◦C for 30 min and then at 75 ◦C for 20 min. For transformation into chemically

competent E. coli XL1 blue, 2µL of the vector LIC reaction and 2 µL of the PCR product

LIC reaction were mixed with 6 µL of deionized water, incubated at room temperature

for 10 min, and then transformed into 30 µL of competent cells.

3.2.4 Preparation of DNA for nucleosome reconstitution

Amplifying DNA in E. coli XL1 blue cells

Plasmids containing the four repeats of the strong nucleosome positioning sequenceWidom-

601 (Lowary and Widom, 1998) flanked by EcoRI restriction enzyme sites were trans-

formed into E. coli, plated onto LB agar plates containing kanamycin, and incubated over

night at 37 ◦C. The next morning, material from the plates was used to inoculate 25 ml of

LB supplemented with kanamycin and incubated at 37 ◦C and 150 rpm for 8 h. Then, 6

large unbaffled flasks each with 1L of LB supplemented with kanamycin were inoculated

1:1,000 and incubated at 37 ◦C and 150 for 16 h. The absorbance per mL of the cell sus-

pension at 600 nm (OD600) was measured, suspension was centrifuged for 20 min at 6,000

rpm in a Sorvall LYNX 6000 centrifuge (Thermo Scientific) using an F9 rotor. Pellets

equivalent to a total OD600 of 6,000 were pooled and used for plasmid preparation using a

NucleoBond PC 10000 kit (Macherey-Nagel) according to the manufacturer’s instructions

or frozen in liquid nitrogen and stored at -80 ◦C until use.

DNA fractionation by polyethylene glycol (PEG) precipitation

To separate insert from plasmid backbone, 10 mg of plasmid were used in a 5 mL reaction

containing 100 µL of EcoRI (New England BioLabs) and 500 µL 10x CutSmart Buffer

(New England BioLabs) and incubated over night at 37 ◦C. The sample was adjusted

to 800 mM NaCl by adding 5 M NaCl stock solution and incubated at 37 ◦C for 20

min. Then, the sample was adjusted to 5% PEG-6000 by adding 40% polyethylene glycol

(PEG)-6000 solution and incubated for 10 min at room temperature. The sample was

divided into 2 mL Eppendorf reaction tubes, spun down for 10 min at 13.200 rpm in an

Eppendorf 5424R table top centrifuge and the supernatant was transferred into a fresh

15 mL Falcon. The pellets in the 2 mL Eppendorf tube were washed with 200 µL 70%
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ethanol and air dried. PEG-6000 concentration in the supern was increased by 0.5% and

the previously described steps were repeated. The last fractionation step was at 7.5%

PEG-6000. The air dried pellets were resuspended in 50 µL deionized water. Digest and

fractionation were monitored by agarose gel electrophoresis and fractions containing the

DNA insert were pooled and stored at -20 ◦C until use.

3.3 Protein purification

Unless stated otherwise, all purification steps were performed at 4 ◦C. For sonification, a

Branson sonifier was used and for centrifugation steps, a Sorvall LYNX 6000 centrifuge

(Thermo Scientific) with an F9 rotor was used. Chromatography columns were pre-

equilibrated with the buffer the sample is contained in and maintained and cleaned accord-

ing to manufacturer’s instructions and reused for the same samples. Protein expression

and purification were monitored by SDS-PAGE.

3.3.1 Ulp1 purification

Ulp1 was expressed from pFGET19-Ulp1 (a gift from Hideo Iwai, Addgene plasmid

#64697) and purified as previously reported (Guerrero et al., 2015).

3.3.2 Human core histone purification

Human core histones were expressed and purified from inclusion bodies as reported pre-

viously for the more widely used Xenopus laevis core histones (Luger et al., 1999; Dyer

et al., 2004).

Core histone expression

Plasmids encoding human H2B, H3 and H4 were a gift from the W. Fischle lab, plasmid

encoding His-tagged H2A was a gift from S. Dodonova. Chemically competent E. coli

BL21 (DE3) RIL cells were transformed, used to inoculate 25 ml LB selection medium,

and incubated over night at 37 ◦C and 150 rpm. Then, 6 baffled flasks containing 1 L

of LB selection medium were inoculated 1:1,000 and incubated at 37 ◦C and 150 rpm

until reaching OD600 of 0.4-0.8 / mL. Cell suspension was adjusted to 0.5 mM IPTG and

incubated at 37 ◦C and 150 rpm for 4 h and centrifuged for 20 min at 6,000 rpm. Pellets

were used for purification or frozen in liquid nitrogen and stored at -80 ◦C until use.
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Inclusion body purification and extraction

Pellets from 6 L were resuspended in 100 mL lysis buffer (20 mM HEPES pH 7.5, 300 mM

NaCl, 1 mM DTT, 5% glycerol, 1x protease inhibitor cocktail) and lysed by sonication

for 10 min with 10 s on pulses and 20 s off pulses at 30%. The lysate was spun down

for 20 min at 27,000 xg at 4 ◦C and the pellet was washed once with TW buffer (20 mM

HEPES pH 7.5, 200 mM NaCl, 1 mM EDTA, 1 mM DTT, 1x protease inhibitor cocktail,

1% Triton X-100) and twice with wash buffer (20 mM HEPES pH 7.5, 200 mM NaCl, 1

mM EDTA, 1 mM DTT, 1x protease inhibitor cocktail). For the washes, the pellet was

resuspended in buffer using a manual Douncer (Sigma Aldrich) and spun down for 20 min

at 18,000 xg at 4 ◦C.

The pellet was resuspended in 2 mL DMSO and incubated at room temperature for 30

min. Then, 30 ml of unfolding buffer (7M guanidinium hydrochloride, 20 mM HEPES

pH 7.5, 10 mM DTT) were added and the pellet was resuspended further by Douncing

and incubated at room temperature for 1 h on a magnetic stirrer. The sample was spun

down for 20 min at 23,000 xg at 4 ◦C, the supernatant was collected and kept on ice,

and the pellet was again Dounced in 10 mL unfolding buffer, stirred for 30 min at room

temperature, and spun down 20 min at 23,000 xg at 4 ◦C. The supernatant was pooled

and dialized against 2 L of SAU-200 (7M urea deionized for 1 h with AG-501 X8 resin,

20 mM NaOAc pH 5.2, 200 mM NaCl, 1 mM EDTA, 1 mM DTT) for 3 h followed by 2

L of SAU-200 over night using SnakeSkin dialysis tubing (Thermo Fisher Scientific).

Cation exchange chromatography

The dialysate was cleared by centrifugation for 20 min at 27,000 xg at 4 ◦C and purified

by running it over a HiTrap SP 5 mL HP column (GE Healthcare) followed by a HiTrap

Sp 5 mL HP column (GE Healthcare) using an ÄKTA pure system (GE Healthcare).

After loading the sample, the Q column was disconnected and the sample was eluted

off the Sp column using a linear gradient of SAU-1000 (7M urea deionized for 1 h with

AG-501 X8 resin, 20 mM NaOAc pH 5.2, 1000 mM NaCl, 1 mM EDTA, 1 mM DTT) in

SAU-200 over 20 column volumes. Peak fractions containing core histones were pooled

and dialyzed twice against 2 L of dialysis buffer (20 mM HEPES pH 7.5, 1 mM DTT).

Aliquots of 3 mg were lyophilized (Alpha 1-2 LDplus, Christ) and stored at -80 ◦ until

use.
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3.3.3 Human linker histone purification

Human linker histone H1.4 was expressed and purified as reported previously (Osunsade

et al., 2019) with modifications.

Smt3-H1.4-GyrA expression

Plasmid encoding human Smt3-H1.4-GyrA was transformed into chemically competent

E. coli BL21 (DE3) Rosetta 2 pLysS cells. Transformed cells were used to inoculate 25

ml LB selection medium and incubated over night at 37 ◦C and 150 rpm. Then, 6 baffled

flasks containing 1 L of LB selection medium were inoculated 1:1,000 and incubated at

37 ◦C and 150 rpm until reaching OD600 of 0.3 / mL. Cells were incubated at 16 ◦C and

150 rpm for 30 min, adjusted to 0.5 mM IPTG and incubated at 16 ◦C and 150 rpm

overnight. The cell suspension was centrifuged for 20 min at 6,000 rpm. Pellets were used

for purification or frozen in liquid nitrogen and stored at -80 ◦C until use.

Purification of Smt3-H1.4-GyrA and tag cleavage

Pellets from 6 L were resuspended in 50 mL lysis buffer (100 mM HEPES pH 7.5, 600

mM NaCl, 1x protease inhibitor cocktail) and lysed by sonication for 10 min with 5 s on

pulses and 10 s off pulses at 20%. The lysate was spun down for 10 min at 15,000 rpm at

4 ◦C and the supernatant was loaded onto a HisTrap HP 5 mL column (GE Healthcare)

using an ÄKTA pure system (GE Healthcare). The column was washed twice with 9

column volumes of wash buffer (20 mM HEPES pH 7.5, 2000 mM NaCl, 60 mM imidazol)

followed by 5 column volumes of lysis buffer and eluted with a gradient of elution buffer

(20 mM HEPES pH 7.5, 200 mM NaCl, 500 mM imidazol; pH adjusted to 7.5) in lysis

buffer over 15 column volumes. Peak fractions containing full length Smt3-H1.4-GyrA

were pooled, adjusted to 1 mM DTT, supplemented with 1 mg of Ulp1 and incubated at

room temperature for 1 h. Then, sample was adjusted to 500 mM β-mercapto ethanol,

incubated at room temperature for 4 h, and adjusted to 8 M urea by weighing in solid

urea.

Purification of H1.4

The sample was then added to 1 L of buffer A (50 mM Tris-HCl pH 9.0), loaded onto

a HiTrap Sp 1 mL HP column (GE Healthcare) and eluted overnight with a shallow

gradient of buffer B (50 mM Tris-HCl pH 9.0, 1000 mM NaCl). Then, 1/10 volume of 1
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M HEPES pH 7.0 was added and the sample was run over a HisTrap HP 1 ml column

(GE Healthcare). The flowthrough was collected and dialyzed twice against 1 L of dialysis

buffer (20 mM HEPES pH 7.0, 600 mM NaCl) for 3 h and concentrated using Amicon

0.5 mL 10 kDa MWCO centrifugal filters. The concentration was determined using the

Pierce BCA Protein Assay Kit (Thermo Fisher Scientific) according to the manufacturer’s

instructions and the protein was aliquoted, frozen in liquid nitrogen and stored at -80 ◦C

until use.

3.4 Nucleosome reconstitution

3.4.1 Histone octamer reconstitution

Histone octamers from human core histones were reconstituted as previously described

(Dyer et al., 2004) with minor modifications. Lyophilized human core histone aliquots

were resuspended in 1mL unfolding buffer (7M guanidinium hydrochloride, 20 mMHEPES

pH 7.5, 10 mM DTT) and incubated on a rotating wheel at 12 rpm for 30 min at 4 ◦C.

H2A, H2B, H3 and H4 were mixed at molar ratio of 1.2:1.2:1:1 and dialyzed three times

against 2 L of refolding buffer (10 mM HEPES pH 7.5, 1 mM EDTA, 2 M NaCl, 2.5 mM

DTT) for 3 h, over night, and 3 h, respectively, in a SnakeSkin 7 kDa MWCO dialysis

tubing. The dialysate was recovered, cleared by spinning down in an Eppendorf 5424R

table top centrifuge for 10 min at top speed at 4 ◦C, concentrated to a volume < 500 µL

using Amicon 0.5 mL 10 kDa MWCO centrifugal filters, and applied to a pre-equilibrated

Superdex 200 Increase 10/300 size exclusion column. Peak fractions containing intact

core histone octamer were pooled, aliquoted, frozen in liquid nitrogen and stored at -80
◦C until use.

3.4.2 Nucleosome array reconstitution

Nucleosome arrays containing linker histone H1.4 were reconstituted by salt-gradient dial-

ysis as previously described (Song et al., 2014).

Core histone octamer titration

Human core histone octamer was mixed with template DNA at different molar ratios of

octamer:nucleosome positioning sequences at around 1 in buffer HEN 2.0 (10 mM HEPES

pH 7.0, 2000 mM NaCl, 1 mM EDTA, 1 mM DTT) and transferred into Slide-A-Lyzer
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3.5 kDa MWCO dialysis buttons. The sample was transferred into a beaker containing

500 mL of HEN 2.0 buffer. A peristaltic pump set to a flow rate of 1.83 mL/min was

used to continuously add 2 L HEN 0 (10 mM HEPES pH 7.0, 1 mM EDTA, 1 mM DTT)

to the beaker while subtracting excess buffer from the beaker for 16 h. The sample was

recovered and spun down in a table top centrifuge at top speed and 4 ◦C for 10 min.

To probe octamer binding, sample containing 400 ng DNA was digested with 0.5 µL BanI

(New England BioLabs), 2 µL 10x CutSmart Buffer in a total reaction volume of 20 µL

for 1 h at 37 ◦ and analyzed by agarose gel electrophoresis.

Linker histone titration

Human core histone octamer was mixed with template DNA at the molar ratio determined

by core histone octamer titration and reconstituted as described above by salt-gradient

dialysis from buffer HEN 2.0 to buffer HEN 0.6 (10 mM HEPES pH 7.0, 600 mM NaCl,

1 mM EDTA, 1 mM DTT). Sample was recovered and human linker histone H1.4 was

added at molar ratios of H1:nucleosome positioning sequences at around 1. The sample

was then dialyzed further for 6 h using a flow rate of 6.67 mL/min to gradually dialyze

to 2 L HEN 0. The sample was recovered and spun down in a table top centrifuge at top

speed and 4 ◦C for 10 min. To probe linker histone binding, sample containing 300 ng

DNA was analyzed by electrophoretic mobility shift assay (EMSA).

3.5 Single particle cryo-electron microscopy

3.5.1 Sample preparation for cryo-electron microscopy

QuantiFoil Cu 300 R1.2/1.3 grids were glow-discharged for 100 s at 15 mM and 0.4 mbar

using a PELCO easiGlow System (Ted Pella). In a Vitrobot Mark IV (FEI Company) with

chamber humidity set to 100%, temperature set to 16 ◦C and blotting papers equilibrated

for 1 h, 2 µL of H1 containing tetranucleosome sample at 100 ng DNA/µL were applied

from each side†. Excess liquid was blotted away using blot force 5 for 3 s and the grid

was vitrified by plunging into liquid ethane.
†Sample preparation for the 4x177 sample was performed by M. Engeholm during SARS-CoV-2 induced

shut-down of the institute.
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3.5.2 *Cryo-EM data collection

Data were collected† on a Titan Krios 300 kV transmission electron microscope (FEI

Company) equipped with a Gatan Imaging Filter set to 20 eV and a K3 direct electron

detector (Gatan). Movies containing 60 frames with a total fluence of 60 e−/Å2 were

collected using SerialEM at a nominal magnification of 81,000x and a pixel size of 1.05

Å/pixel with 40◦ stage tilt.
†Data collection for the 4x177 sample was performed by C. Dienemann during SARS-CoV-2 induced

shut-down of the institute.

3.5.3 *Cryo-EM data processing

Gain normalization, motion correction, and CTF estimation of cryo-EM movies were per-

formed using Warp and particles were picked using an instance of Warp?s neural network

retrained on the 4x177 data set. Particles were extracted at 8.4 Å/pixel in RELION

3.1 and sorted by 2-3 rounds of 2D classification in cryoSPARC. Particles belonging to

classes showing two or more nucleosomes were reextracted at 3.15 Å/pixel and all subse-

quent processing was done in RELION 3.1.

For the 4x177+H1.4 data set†, several rounds of 3D classification yielded particles that

were refined to a 7.2 Å resolution map of a 4x177 trinucleosome. From this, 3D classifi-

cation with a mask around the presumed location of the nucleosome 4 yielded particles

that were refined to a 9.5 Å resolution map of the 4x177 tetranucleosome. The signal

of the trinucleosome was subtracted from these particles and the output was refined to

the 7.9 Å resolution map of the fourth nucleosome. From the 4x177 trinucleosome map,

masked refinements on the nucleosome stack or the connecting nucleosome, respectively,

were signal subtracted for the other nucleosomes and refined to yield the focused refined

maps of nucleosome 1, 2 and 3, respectively.

The 4x187, 4x197 and 4x207 cryo-EM data were subjected to several rounds of 3D clas-

sification and 3D refinement to yield maps with a defined nucleosome stack and blurred

density for the connecting nucleosome. From this map, several more rounds of 3D clas-

sification were performed and the selected particles were refined to the 4x187, 4x197 and

4x207 trinucleosome at 11 Å, 9.7 Å and 9.8 Å resolution, respectively. Particles from

the 3D refinement of the stack with less defined connecting nucleosome were extracted,

unbinned and further processed using signal subtraction, 3D classifications, and masked

refinements to yield maps for nucleosome 1, 2 and 3. For the 4x187 dataset the same
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strategy was applied to obtain the map for nucleosome 4 but proved unsuccessful for the

4x197+H1.4 and 4x207+H1.4 datasets. The angular distribution of views for each map

was plotted using Warp, local resolution and global FSC was determined using RELION,

and the directional FSCs were calculated using the 3D FSC server.
†Image processing for the 4x177 sample was performed by S. Dodonova during SARS-CoV-2 induced

shut-down of the institute.

3.5.4 *Structural model building

The local resolution-filtered maps were used for model building except for the 4x177

trinucleosome, 4x177 nucleosome 1, 4x177 nucleosome 2 and 4x177 nucleosome 4 for

which the post-processed maps were used. For each data set, the structure of the H1-

bound mononucleosome (PDB ID 7K5Y) with protein and DNA sequences mutated to the

ones used in this study was rigid-body fitted into the density of nucleosomal unit in UCSF

chimera. Protein termini, entry DNA and exit DNA were manually adjusted in COOT

and the resulting structures were real-space refined in PHENIX. The refined nucleosomal

units were then rigid-body fitted into corresponding densities of the nucleosome stack,

trinucleosome and tetranucleosome, respectively, using UCSF Chimera. In case of the

trinucleosome and tetranucleosome structures, the linker DNA was manually built in

COOT. The models were real-space refined in PHENIX and validated using Molprobity

(Tables X). Figures were generated using PyMOL (Schrödinger LLC), UCSF Chimera,

and UCSF ChimeraX.

3.5.5 *Analysis of linker DNA trajectories

The models for the nucleosome stacks were used to measure linker DNA trajectories for

nucleosomes 1 and 3, and the models of the focused-refined maps of nucleosomes 2 and 4

were used to measure linker DNA deviation for nucleosomes 2 and 4. The corresponding

maps were used to rigid-body fit the structure of the H1-bound 197 bp mononucleosome

(PDB 7K5Y). The plane of the nucleosome disc needed to be defined to determine the

angle α and a plane normal to the nucleosome disc along the dyad axis needed to be

defined to determine the angle β. For definition of these planes, three points for each

nucleosomal unit were defined: (1) the centroid of the coordinates of the central base pair

of the 147 bp Widom-601 sequence, (2) the centroid of the coordinates of the base pair 38

bp upstream of 1 and (3) the centroid of the coordinates of the base pair 39 bp downstream
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of 1. Points (2) and (3) are on two different DNA gyres and on the opposite side of the

nucleosome dyad. Vector v was defined using points (2) and (3) to approximate the

normal to the nucleosome disc and vector u was defined using point (1) and the centroid

of points (2) and (3) to approximate the dyad axis. Vectors u and v were used to describe

the plane perpendicular to the nucleosome disc. The normal w to this plane was defined

by taking the normalized cross product of u and v. Then, vectors u and w were used to

describe the plane of the nucleosome disc. Linker DNA vectors were defined by using (4)

the centroid of coordinates of the base pair 5 bp into the Widom-601 sequence and (5) the

centroid of the coordinates of the base pair 10 bp outside of the Widom-601 sequence. For

measurement of the angle β, linker DNA vectors were projected onto the plane generated

by u and v and the angle between the projected vectors was calculated. For the angle α,

linker DNA vectors were projected onto plane the plane generated by u and w and the

angle between the projected vectors was calculated.

Coordinates were extracted from the .pdb file with bash scripting and calculations were

performed with MATLAB R2017a.
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Figure 3.1: Analysis of linker DNA trajectories. The DNA model of nucleosome 3 from the 4x177
array is shown here from two views to illustrate the two different angles β (left) and α (right) of linker
DNA (vector l) relative to the nucleosome dyad axis5. To define the plane (u,v) and (u,w) in which to
measure linker DNA angle β and α, respectively, we defined points (1) the centroid of the coordinates of
the central base pair of the 147 bp Widom-601 sequence, (2) the centroid of the coordinates of the base
pair 38 bp upstream of 1 and (3) the centroid of the coordinates of the base pair 39 bp downstream of 1.
We defined vectors v using points (2) and (3) and u using point (1) and the centroid of points (2) and (3)
and determined the normal w to this plane by taking the normalized cross product of u and v. Linker
DNA vectors were defined using (4) the centroid of coordinates of the base pair 5 bp into the nucleosome
and (5) the centroid of the coordinates of the base pair 10 bp outside of the nucleosome. To measure
differences in β, linker DNA vectors from nucleosomes of the different NRL arrays and the reference
H1 bound nucleosome (PDB ID 7K5Y) were projected onto the plane (u,v) and the angle between the
projected vectors was calculated. To measure differences in α, linker DNA vectors from nucleosomes of
the different NRL arrays and the reference H1 bound nucleosome (PDB ID 7K5Y) were projected onto
the plane (u,w) and the angle between the projected vectors was calculated.
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Results

4.1 Reconstitution of tetranucleosome arrays

4.1.1 Core histone purification and octamer reconstitution

Purification of core histones is well established (Luger et al., 1999; Dyer et al., 2004).

Human core histones H2A, H2B, H3 and H4 were expressed in E. coli and purified from

inclusion bodies by cation exchange chromatography (Fig. 4.1). Purified histones were

relatively pure and typical yields per purification ranged from 30 mg to 100 mg. Core

histone octamer was reconstituted at molar ratios H2A:H2B:H3:H4 of 1.2:1.2:1:1 from

lyophilized human core histones. As H2A and H2B exist as a dimer and H3 and H4 exist

as a dimer and a dimer of dimers in solution, these needed to be separated from the

full octamer by size exclusion chromatography (Fig. 4.2) The first large peak at elution

volume 11 ml corresponds to the octamer, the H3-H4 tetramer, if present, would be visible

as a shoulder to that peak and the H2A-H2B dimer separates well at elution volume 14

ml (Luger et al., 1999; Dyer et al., 2004). For reconstitution of nucleosomes, the first few

fractions of the octamer peak were pooled and concentrated.

4.1.2 Linker histone H1.4 purification

As we wanted to study linker histone binding to arrays free from any conceivable artifacts,

a strategy to purify full length H1.4 without any leftover amino acids from tag cleavage

was adapted (Osunsade et al., 2019). For this, H1.4 was cloned with an N-terminal His-

tagged Smt3 and a C-terminal His-tagged protein sequence containing the intein from

Mycobacterium xenopi GyrA (Osunsade et al., 2019). After immobilized metal affinity

chromatography via the His-tags (Fig. 4.3), the N-terminal Smt3 and the C-terminal

GyrA were cleaved by Ulp1 digest and thiolysis with high concentration of β-mercapto

ethanol, respectively (Fig. 4.3), yielding the final full length native H1.4. Due to non-

stoichiometric cleavage of the GyrA tag, the sample had to be purified further. The

sample was concentrated by cation exchange chromatography and purified by reverse

affinity chromatography to sort out uncleaved protein and the cleaved tags (Fig. 4.3).

Protein identity was confirmed by mass spectrometry.

47
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Figure 4.1: Human core histone H2A, H2B, H3 and H4 purification. Histones were expressed
in E. coli and purified from inclusion bodies as previously described (Luger et al., 1999; Dyer et al., 2004).
SDS-PAGE shows cation exchange chromatography of H2A, H2B, H3 and H4.

Figure 4.2: Histone octamer reconstitution from purified core histones. Core histone octamer
was reconsituted from purified human core histones as previously described (Luger et al., 1999; Dyer
et al., 2004). Reconstituted histone octamer was purified by size exclusion chromatography and analyzed
by SDS-PAGE.
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Figure 4.3: Human linker histone H1.4 purification. Human linker histone H1.4 was purified
as previously described to yield full length H1 without additional residues remaining after tag cleavage
(Osunsade et al., 2019). His6-Smt3-H1.4-GyrA-His6 was purified by affinity chromatography and the
N-terminal Smt3 tag and C-terminal GyrA tag were cleaved by Ulp1 digestion and by incubation with β-
mercapto ethanol, respectively. The sample was concentrated by cation exchange and purified by reverse
affinity chromatography to yield full length H1. Purification steps were monitored by SDS-PAGE. Identity
of digestion products and final protein were confirmed by mass spectrometry.

4.1.3 DNA template preparation

Plasmids contained the four repeats of the Widom-601 nucleosome positioning sequence

comprising 147 base pairs of DNA wrapped around the core histone octamer and linker

DNA connecting the nucleosome positioning sequences. Between constructs, the linker

DNA varied by integer multiples of 10 bp to approximate the helical repeat of the DNA

duplex. Thus, the DNA scaffolds contained 30 bp, 40 bp, 50 bp and 60 bp of DNA linking

each nucleosome positioning sequence and correspond to nucleosome repeat lengths (NRL)

of 177 bp, 187 bp, 197 bp and 207 bp, respectively. The shorter 4x177 correspods to linker

lengths found near active promoters and enhancers, while the intermediate 4x187 and

4x197 correspond to linker lengths found in gene bodies of active genes and the longer

4x207 has linker lengths similar to those observed in heterochromatin (Valouev et al.,

2011). Both the DNA scaffolds and the reconstituted nucleosome arrays will be referred

to as 4x177, 4x187, 4x197 and 4x207 (Fig. 4.4). The scaffolds were flanked by EcoRI

restriction enzyme recognition sites. Plasmids were amplified by large cultures of E. coli.

The plasmid was isolated and digested with EcoRI and the insert was separated from the

backbone by precipitation using polyethylene glycol 6000 (Lis and Schleif, 1975) (Figure

4.4). Fractions containing only the insert at 6.0% (4x177, 4x197, 4x207) or 6.5% (4x187)

PEG-6000 were used for tetranucleosome reconstitution.
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Figure 4.4: Preparation of DNA scaffolds for tetranucleosome assembly. E. coli transformed
with plasmids carrying the tandem repeats of Widom-601 nucleosome positioning sequence flanked by
EcoRI restriction enzyme sites were grown large scale and the plasmid was isolated. The insert was
excised by EcoRI digest followed by an additional RNase digest for the 4x187 due to high contamination
of RNA as measured using a Qubit system. Fractionation by molecular weight was performed by increas-
ing polyethylene glycol 6000 (PEG-6000) and sedimentation (Lis and Schleif, 1975). Purification was
monitored by agarose gel electrophoresis. Fractions containing only insert were used for tetranucleosome
reconstitution.

Figure 4.5: Core histone octamer titration. The Widom-601 nucleosome positioning sequence
(Lowary and Widom, 1998) contains a BanI restriction enzyme site. DNA scaffolds containing four
repeats of the Widom-601 sequence were reconstituted with different molar ratios of core histone octamer
to Widom-601. Reconstitution was probed by BanI digest and analyzed by agarose gel electrophoresis.
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Figure 4.6: Linker histone H1 titration. Tetranucleosome arrays were reconstituted with linker
histone H1 at different molar ratios of H1 to Widom-601 sequences by salt-gradient dialysis. Binding of
H1 to nucleosome arrays was probed by electrophoretic mobility shift assay. Arrays saturated with H1
at circa equimolar ratios.

4.1.4 Reconstitution of tetranucleosomal arrays with H1.4

Nucleosome arrays were reconstituted by salt gradient dialysis as previously described

(Dyer et al., 2004; Song et al., 2014). First, to prevent unspecific binding of histone

octamer to the DNA, the proper stoichiometric ratio for the reconstitution had to be

determined. For this, reconstitutions of DNA with octamer at different molar ratio of

octamer to Widom-601 nucleosome positioning sequence were performed and octamer

binding was probed by BanI restriction enzyme digest (Fig. 4.5).

Next, nucleosome arrays at the lowest molar ratio of octamer to nucleosome positioning

sequence at which BanI digestions was not observed were reconstituted by salt gradient

dialysis with different molar ratios of linker histone H1. H1 binding was probed by elec-

trophoretic mobility shift assay (Fig. 4.6). Arrays were saturated with H1 at roughly

equimolar ratios and samples at H1:Widom-601 of 1.2 were used for cryo-electron mi-

croscopy.
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4.2 Single particle cryo-electron microscopy of tetranu-

cleosome arrays

4.2.1 *Structural analysis of tetranucleosome arrays containing

H1

Linker histone H1 containing tetranucleosome arrays with defined NRL were reconstituted

and analyzed by single particle cryo-electron microscopy. Focused refined maps of the

individual nucleosomes of the array were resolved to resolutions between 4 to 8 Å. This

resolution permitted the confident interpretation of secondary structure elements of both

the core histones and linker histone H1 (Figs. 4.8-4.15). All nucleosomes of the 4x177

array (Figs. 4.7-4.9) and the first three nucleosomes of the 4x187 (Figs. 4.10, 4.11), 4x197

(Figs. 4.12, 4.13) and the 4x207 (Figs. 4.14, 4.15) were resolved and showed canonical

nucleosome structure (Luger et al., 1997; Tsunaka et al., 2005). The focused refined maps

of individual nucleosomes were used to build atomic models of the nucleosome units based

on the H1-bound mononucleosome (PDB ID 7K5Y Zhou et al. (2021a)). The overall maps

of tetranucleosomes and trinucleosomes were resolved to circa 10 Å resolution. Into these

intermediate resolution overall cryo-EM maps, the models of the nucleosome units were

fit and the linker DNA connecting the nucleosome units was modeled (Tables 4.1-4.4).

Figure 4.7: *The structure of the 4x177 tetranucleosome array containing linker histone
H1. DNA containing four repeats of the Widom-601 nucleosome positioning sequence was reconstituted
with human core histone octamer and human linker histone H1 and analyzed by cryo-electron microscopy.
Nucleosomes of the array adopt the previously characterized zig-zag conformation (Schalch et al., 2005).
Nucleosome 1 and nucleosome 3 form a stack while nucleosome 2 does not stack with nucleosome 4. All
four nucleosomes and an overall map of the 4x177 could be resolved. Due to increased flexibility of the
nucleosomes with increasing linker DNA length, overall tetranucleosome maps of the 4x187, 4x197 and
4x207 could not be attained. Depicted here is a surface representation of the atomic model that was built
into the tetranucleosome cryo-EM density shown in Figures 4.8 and 4.9. DNA colored in grey and white,
core histone octamer in wheat, linker histone H1 in purple.



4.2. Single particle cryo-electron microscopy of tetranucleosome arrays 53

Figure 4.8: *Cryo-EM single particle analysis of 4x177. Particles were picked in Warp(Tegunov
and Cramer, 2019), extracted 3x binned in RELION(Scheres, 2012) and cleaned by several rounds of
2D classification in cryoSPARC(Punjani et al., 2017). Particles belonging to classes with two or more
nucleosomes visible were reextracted 2x binned and used for initial model generation in RELION. Several
rounds of 3D classification selecting for trinucleosomes and 3D refinement yielded a trinucleosome map
from which signal subtractions and masked classifications and refinements yielded the maps for the
individual nucleosomal units and the tetranucleosome. The numbers in the bin denote the number of
classes discarded during a classification and is N if more than one classification was performed.



54 4 | Results

Figure 4.9: *Angular distribution, local resolution, FSCs and densities of 4x177. The cryo-
EM reconstructions obtained by the image processing outlined in Figure 4.8 are colored by their local
resolution determined in RELION(Scheres, 2012). Listed are the map name, number of particles used for
the final reconstruction, the nominal resolution determined by RELION using the FSC = 0.143 threshold
(FSC plot for all reconstructions bottom row middle panel), and a plot showing angular distribution.
For the individual nucleosomal units, the middle panel shows a closeup on the nucleosome dyad with the
atomic model (DNA in grey, H1 in purple), and the right panel shows the reconstruction?s 3D FSC(Tan
et al., 2017).
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Table 4.1: *Cryo-EM data collection, refinement and validation statistics for the 4x177 array

tetranuc trinuc stack nuc1 nuc2 nuc3 nuc4
EMD-13356 EMD-13357 EMD-13358 EMD-13359 EMD-13360 EMD-13361 EMD-13362
PDB 7PET PDB 7PEU PDB 7PEV PDB 7PEW PDB 7PEX PDB 7PEY PDB 7PEZ

Data collection and
processing

Magnification 81 000x 81 000x 81 000x 81 000x 81 000x 81 000x 81 000x
Voltage (kV) 300 300 300 300 300 300 300
Electron exposure 60 60 60 60 60 60 60
(e−/Å2)

Defocus range (µm) 0.5-2.0 0.5-2.0 0.5-2.0 0.5-2.0 0.5-2.0 0.5-2.0 0.5-2.0
Pixel size (Å/pix) 1.05 1.05 1.05 1.05 1.05 1.05 1.05
Symmetry imposed C1 C1 C1 C1 C1 C1 C1
Initial particle images 1,341,160 1,341,160 1,341,160 1,341,160 1,341,160 1,341,160 1,341,160
Final particle images 20,621 174,476 174,476 174,476 128,860 174,476 20,621
Map resolution (Å) 9.5 7.2 6.0 4.6 5.1 4.5 7.9
0.143 FSC criterion

Map resolution range 6.8 - 25 5.6 - 11 4.5 - 10.8 4.2 - 8.0 4.5 - 7.3 4.1 - 8.7 7.2 - 25
(Å)

Refinement
Initial models used 7K5Y 7K5Y 7K5Y 7K5Y
(PDB code)

Model resolution (Å) 9.5 7.2 6.0 4.6 5.1 4.5 7.9
Model resolution range 6.8 - 25 5.6 - 11 4.5 - 10.8 4.2 - 8.0 4.5 - 7.3 4.1 - 8.7 7.2 - 25
(Å)

Map sharpening -500 -300 -310 -150 -520 -150 -300
B factor (Å2)

Model composition
Non-hydrogen atoms 54040 40119 26403 13304 13880 13099 14058
Protein residues 3222 2379 1536 768 843 768 843
DNA 1396 1040 694 352 354 342 364

B factors (Å2)
Protein 248 203 252 224 140 252 373
DNA 220 302 372 294 191 318 419

R.m.s. deviations
Bond lengths (Å) 0.007 0.006 0.006 0.006 0.005 0.006 0.006
Bond angles (◦) 1.280 1.087 0.957 0.912 0.932 0.895 0.910

Validation
MolProbity score 1.64 1.42 1.45 1.30 1.36 1.14 1.46
Clashscore 13.62 7.70 8.82 5.53 6.47 7.45 8.54
Poor rotamers (%) 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Ramachandran plot
Favored (%) 98.4 98.6 98.4 98.9 98.4 98.4 98.2
Allowed (%) 1.6 1.4 1.6 1.1 1.6 1.6 1.8
Disallowed (%) 0.0 0.0 0.0 0.0 0.0 0.0 0.0
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Figure 4.10: *Cryo-EM single particle analysis of 4x187. Particles were picked in Warp(Tegunov
and Cramer, 2019), extracted 8x binned in RELION(Scheres, 2012) and cleaned by several rounds of
2D classification in cryoSPARC(Punjani et al., 2017). Particles belonging to classes with two or more
nucleosomes visible were reextracted 3x binned and used for initial model generation in RELION. Several
rounds of 3D classification selecting for trinucleosomes and 3D refinement yielded a trinucleosome map
with a defined nucleosome stack and a less defined connecting nucleosome. From this particle set, (a)
several rounds of 3D classification and refinement yielded the trinucleosome map and (b) particles were
reextracted unbinned, refined and signal subtractions, masked classifications and refinements yielded the
maps for the individual nucleosomal units. The numbers in the bin denote the number of classes discarded
during a classification and is N if more than one classification was performed.
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Figure 4.11: *Angular distribution, local resolution, FSCs and densities of 4x187. The cryo-
EM reconstructions obtained by the image processing outlined in Figure 4.10 are colored by their local
resolution determined in RELION(Scheres, 2012). Listed are the map name, number of particles used for
the final reconstruction, the nominal resolution determined by RELION using the FSC = 0.143 threshold
(FSC plot for all reconstructions top row right panel), and a plot showing angular distribution. For the
individual nucleosomal units, the middle panel shows a closeup on the nucleosome dyad with the atomic
model (DNA in grey, H1 in purple), and the right panel shows the reconstruction?s 3D FSC(Tan et al.,
2017).
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Table 4.2: *Cryo-EM data collection, refinement and validation statistics for the 4x187 array

trinuc stack nuc1 nuc2 nuc3 nuc4
EMD-13363 EMD-13365 EMD-13369 EMD-13368 EMD-13367 EMD-13366
PDB 7PF0 PDB 7PF2 PDB 7PF6 PDB 7PF5 PDB 7PF4 PDB 7PF3

Data collection and
processing

Magnification 81 000x 81 000x 81 000x 81 000x 81 000x 81 000x
Voltage (kV) 300 300 300 300 300 300
Electron exposure 60 60 60 60 60 60
(e−/Å2)

Defocus range (µm) 0.5-2.0 0.5-2.0 0.5-2.0 0.5-2.0 0.5-2.0 0.5-2.0
Pixel size (Å/pix) 1.05 1.05 1.05 1.05 1.05 1.05
Symmetry imposed C1 C1 C1 C1 C1 C1
Initial particle images 1,259,654 1,259,654 1,259,654 1,259,654 1,259,654 1,259,654
Final particle images 27,515 110,706 110,706 61,926 110,706 51,385
Map resolution (Å) 11 5.1 4.0 3.8 4.0 4.0
0.143 FSC criterion

Map resolution range (Å) 4.0 - 13 3.9 - 11.3 3.4 - 8.1 3.8 - 9.2 3.6 - 9.3

Refinement
Initial models used 7K5Y 7K5Y 7K5Y 7K5Y
(PDB code)

Model resolution (Å) 11 5.1 4.0 3.8 4.0 4.0
Model resolution range (Å) 4.0 - 13 3.9 - 11.3 3.4 - 8.1 3.8 - 9.2 3.6 - 9.3
Map sharpening 0 -50 0 -50 0 -50
B factor (Å2)

Model composition
Non-hydrogen atoms 41515 36610 13470 13470 12935 13470
Protein residues 2454 1611 843 843 768 843
DNA 1082 678 334 334 334 334

B factors (Å2)
Protein 163 217 180 152 158 178
DNA 340 325 222 190 241 220

R.m.s. deviations
Bond lengths (Å) 0.011 0.007 0.008 0.006 0.005 0.004
Bond angles (◦) 1.335 0.974 1.054 0.889 0.887 0.944

Validation
MolProbity score 1.56 1.47 1.62 1.32 1.41 1.43
Clashscore 9.13 8.76 9.20 5.86 5.99 6.15
Poor rotamers (%) 0.0 0.0 0.0 0.0 0.0 0.0

Ramachandran plot
Favored (%) 97.7 98.2 97.3 98.2 97.6 97.6
Allowed (%) 2.3 1.8 2.7 1.8 2.4 2.4
Disallowed (%) 0.0 0.0 0.0 0.0 0.0 0.0



4.2. Single particle cryo-electron microscopy of tetranucleosome arrays 59

Figure 4.12: *Cryo-EM single particle analysis of 4x197. Particles were picked in Warp(Tegunov
and Cramer, 2019), extracted 8x binned in RELION(Scheres, 2012) and cleaned by several rounds of
2D classification in cryoSPARC(Punjani et al., 2017). Particles belonging to classes with two or more
nucleosomes visible were reextracted 3x binned and used for initial model generation in RELION. Several
rounds of 3D classification selecting for trinucleosomes and 3D refinement yielded a trinucleosome map
with a defined nucleosome stack and a less defined connecting nucleosome. From this particle set, (a)
several rounds of 3D classification and refinement yielded the trinucleosome map and (b) particles were
reextracted unbinned, refined and signal subtractions, masked classifications and refinements yielded the
maps for the individual nucleosomal units. The numbers in the bin denote the number of classes discarded
during a classification and is N if more than one classification was performed.
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Figure 4.13: *Angular distribution, local resolution, FSCs and densities of 4x197. The cryo-
EM reconstructions obtained by the image processing outlined in Figure 4.12 are colored by their local
resolution determined in RELION(Scheres, 2012). Listed are the map name, number of particles used for
the final reconstruction, the nominal resolution determined by RELION using the FSC = 0.143 threshold
(FSC plot for all reconstructions top row right panel), and a plot showing angular distribution. For the
individual nucleosomal units, the middle panel shows a closeup on the nucleosome dyad with the atomic
model (DNA in grey, H1 in purple), and the right panel shows the reconstruction?s 3D FSC(Tan et al.,
2017).
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Table 4.3: *Cryo-EM data collection, refinement and validation statistics for the 4x197 array

trinuc stack nuc1 nuc2 nuc3
EMD-13370 EMD-13371 EMD-13372 EMD-13373 EMD-13374
PDB 7PFA PDB 7PFC PDB 7PFD PDB 7PFE PDB 7PFF

Data collection and
processing

Magnification 81 000x 81 000x 81 000x 81 000x 81 000x
Voltage (kV) 300 300 300 300 300
Electron exposure 60 60 60 60 60
(e−/Å2)

Defocus range (µm) 0.5-2.0 0.5-2.0 0.5-2.0 0.5-2.0 0.5-2.0
Pixel size (Å/pix) 1.05 1.05 1.05 1.05 1.05
Symmetry imposed C1 C1 C1 C1 C1
Initial particle images 1,075,418 1,075,418 1,075,418 1,075,418 1,075,418
Final particle images 14,348 113,924 113,924 54,212 113,924
Map resolution (Å) 9.7 6.4 4.4 4.4 4.3
0.143 FSC criterion

Map resolution range (Å) 4.4 - 12 4.0 - 7.5 3.9 - 10 3.9 - 8.5

Refinement
Initial models used 7K5Y 7K5Y 7K5Y
(PDB code)

Model resolution (Å) 9.7 6.4 4.4 4.4 4.3
Model resolution range (Å) 4.4 - 12 4.0 - 7.5 3.9 - 10 3.9 - 8.5
Map sharpening 0 -50 -50 -100 -50
B factor (Å2)

Model composition
Non-hydrogen atoms 42335 26814 13675 13880 12935
Protein residues 2454 1611 843 843 768
DNA 1122 688 334 354 334

B factors (Å2)
Protein 324 516 408 202 366
DNA 391 589 421 252 413

R.m.s. deviations
Bond lengths (Å) 0.007 0.006 0.006 0.007 0.006
Bond angles (◦) 1.137 0.950 0.915 0.936 0.921

Validation
MolProbity score 1.50 1.59 1.44 1.39 1.49
Clashscore 9.43 10.58 7.78 7.08 9.19
Poor rotamers (%) 0.0 0.0 0.0 0.0 0.0

Ramachandran plot
Favored (%) 98.3 97.8 98.0 98.5 98.4
Allowed (%) 1.7 2.2 2.0 1.5 1.6
Disallowed (%) 0.0 0.0 0.0 0.0 0.0
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Figure 4.14: *Cryo-EM single particle analysis of 4x207. Particles were picked in Warp(Tegunov
and Cramer, 2019), extracted 8x binned in RELION(Scheres, 2012) and cleaned by several rounds of
2D classification in cryoSPARC(Punjani et al., 2017). Particles belonging to classes with two or more
nucleosomes visible were reextracted 3x binned. Several rounds of 3D classification against the lowpass
filtered 4x197 stack map selecting for nucleosome stacks and 3D refinement yielded a trinucleosome map
with a defined nucleosome stack and an ill-defined connecting nucleosome. From this particle set, (a)
several rounds of 3D classification and refinement yielded the trinucleosome map and (b) particles were
reextracted unbinned, refined and signal subtractions, masked classifications and refinements yielded the
maps for the individual nucleosomal units. The numbers in the bin denote the number of classes discarded
during a classification and is N if more than one classification was performed.
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Figure 4.15: *Angular distribution, local resolution, FSCs and densities of 4x207. The cryo-
EM reconstructions obtained by the image processing outlined in Figure 4.14 are colored by their local
resolution determined in RELION(Scheres, 2012). Listed are the map name, number of particles used for
the final reconstruction, the nominal resolution determined by RELION using the FSC = 0.143 threshold
(FSC plot for all reconstructions top row right panel), and a plot showing angular distribution. For the
individual nucleosomal units, the middle panel shows a closeup on the nucleosome dyad with the atomic
model (DNA in grey, H1 in purple), and the right panel shows the reconstruction?s 3D FSC(Tan et al.,
2017).
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Table 4.4: *Cryo-EM data collection, refinement and validation statistics for the 4x207 array

trinuc stack nuc1 nuc2 nuc3
EMD-13379 EMD-13380 EMD-13381 EMD-13382 EMD-13383
PDB 7PFT PDB 7PFU PDB 7PFV PDB 7PFW PDB 7PFX

Data collection and
processing

Magnification 81 000x 81 000x 81 000x 81 000x 81 000x
Voltage (kV) 300 300 300 300 300
Electron exposure 60 60 60 60 60
(e−/Å2)

Defocus range (µm) 0.5-2.0 0.5-2.0 0.5-2.0 0.5-2.0 0.5-2.0
Pixel size (Å/pix) 1.05 1.05 1.05 1.05 1.05
Symmetry imposed C1 C1 C1 C1 C1
Initial particle images 1,259,654 1,259,654 1,259,654 1,259,654 1,259,654
Final particle images 18,025 100,339 100,339 41,441 100,339
Map resolution (Å) 5.0 4.4 5.2 4.3
0.143 FSC criterion

Map resolution range (Å) 4.1 - 7.6 4.2 - 7.4 4.5 - 9.9 4.1 - 7.6

Refinement
Initial models used 7K5Y 7K5Y 7K5Y
(PDB code)

Model resolution (Å) 5.0 4.4 5.2 4.3
Model resolution range (Å) 4.1 - 7.6 4.2 - 7.4 4.5 - 9.9 4.1 - 7.6
Map sharpening 0 -100 -100 -100 -100
B factor (Å2)

Model composition
Non-hydrogen atoms 44100 27760 13880 13470 13880
Protein residues 2529 1686 843 843 843
DNA 1182 708 351 334 354

B factors (Å2)
Protein 344 403 325 376 330
DNA 549 474 384 382 380

R.m.s. deviations
Bond lengths (Å) 0.006 0.006 0.006 0.006 0.006
Bond angles (◦) 1.026 0.894 0.864 0.920 0.880

Validation
MolProbity score 1.42 1.47 1.44 1.43 1.39
Clashscore 7.69 8.78 8.13 7.86 7.13
Poor rotamers (%) 0.0 0.0 0.0 0.0 0.0

Ramachandran plot
Favored (%) 98.7 98.1 98.8 98.9 98.7
Allowed (%) 1.3 1.9 1.2 1.1 1.3
Disallowed (%) 0.0 0.0 0.0 0.0 0.0

4.2.2 *Overall structure of tetranucleosome arrays

The four studied H1 containing tetranucleosome arrays adopt a zig-zag arrangement of

nucleosomes (Figures 4.7, 4.16) which was previously described for the 4x167 crystal

structure without H1 (Schalch et al., 2005), the 6x187 crystal structure with H1 (Garcia-

Saez et al., 2018), and the cryo-EM structures of the 12x187 and 12x197 containing H1

(Song et al., 2014). Nucleosomes 1 and 3 form a canonical stack (Schalch et al., 2005)

with nucleosome 2 looped out and rotated by circa 70-90◦ relative to the nucleosome stack

(Figs. 4.7, 4.16). The distance between nucleosome 2 increases with increasing NRL (Fig.

4.16). The increasing length of linker DNA leads to higher flexibility of nucleosome 2 with

respect to the nucleosome stack, as can be seen in the fuzzy nature of this nucleosome in

the 2D classes and during 3D processing (Figs 4.8, 4.10, 4.12, 4.14).
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Nucleosome 4 does not stack with nucleosome 2 (Fig. 4.7) and is thus flexible as well

with increased mobility as the DNA linker gets longer. Thus, the 4x177 tetranucleosome

is only resolved at intermediate resolution (Figs. 4.8, 4.9) and the 4x187 shows only very

weak density for nucleosome 4 in the full tetranucleosome map (Fig. 4.10). Nevertheless,

nucleosome 4 of the 4x187 array could be resolved separately by focused refinement (Figs.

4.10, 4.11). However, nucleosome 4 was too mobile to be resolved either in the overall

map or separately in the 4x197 (Figs. 4.12, 4.13) and 4x207 (Figs. 4.14, 4.15) arrays.

Nonetheless, the overall architecture of the tetranucleosome arrays appears to be very

similar, as the trajectory of the linker DNA connecting nucleosome 3 and nucleosome 4 is

the same in the 4x177 (Fig. 4.8) and 4x187 (Fig. 4.10), indicating that it is likely to be

similar also in the 4x197 and 4x207 arrays as the arrangement of nucleosome stack with

looped out and non-stacking nucleosome 2 is shared between all arrays (Fig. 4.16).

4.2.3 *Nucleosome stacking in solution

Two types of nucleosome stacking in nucleosome arrays have been characterized at high

resolution by previous structural studies (Song et al., 2014; Garcia-Saez et al., 2018). In

type I interactions, nucleosomes closely pack with contacts between H2A-H2B dimers of

apposing nucleosomes. These interactions have been observed in the crystal structure of

4x167 without H1 (Schalch et al., 2005) and within the tetranucleosome units of the cryo-

EM structures of the 12x177 and 12x187 array containing H1 (Song et al., 2014) (Fig.

4.17). Nucleosome are slightly offset and stack more loosely in type II interactions. Here,

the N-terminal tail of H4 interacts with the acidic patch of the apposing nucleosome, as

observed for the crystal structure of the 6x187 with H1 (Garcia-Saez et al., 2018) and

for the contacts between tetranucleosome units of the cryo-EM structures of the 12x177

and 12x187 with H1 (Song et al., 2014) (Fig. 4.17). Additionally, other interactions

between nucleosomes have been observed for mononucleosomes in crystals or by cryo-EM

in solution (Bilokapic et al., 2018).

Nucleosomes 1 and 3 in the arrays studied here form a compact stack with contacting

H2A-H2B dimers that closely resembles the type I interactions (Fig. 4.17). Whereas

internucleosome interactions appear to be similar to those of type I interactions, the dyad

axes of nucleosomes 1 and 3 are aligned almost parallel compared to type I interactions

where dyad axes are slightly tilted toward each other (Fig. 4.17). This might be due to

absence of H1 in the 4x167 crystal structure (Schalch et al., 2005) or the difference of H1

binding mode in the 12x177 and 12x187 cryo-EM structures (Song et al., 2014).
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Figure 4.16: *The structure of trinucleosome cores of tetranucleosome arrays. The trinucle-
osome cores of the 4x177, 4x187, 4x197 and 4x207 show nucleosome 2 rotated relative to the nucleosome
stack. With increasing length of linker DNA, nucleosome 2 moves further away from the nucleosome
stack. NRL 177 in blue, NRL 187 in green, NRL 197 in yellow, NRL 207 in red, core histones in wheat,
linker histone H1 in purple.
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Figure 4.17: *Nucleosome stacking in nucleosome arrays. Nucleosome stacking in tetranucleo-
some arrays is similar to the stacking observed in the crystal structure of the 4x167 array without H1
(Schalch et al., 2005) and the cryo-EM reconstruction of the 12x177 and 12x187 array with H1 (Song
et al., 2014). (a) Nucleosome stack from the 4x187 array represents stacks from all structures reported in
this study. (b) nucleosome stack from the 4x167 crystal structure (PDB ID 1ZBB (Schalch et al., 2005))
represents the type I interaction observed in the 4x167 crystal structure and within tetranucleosomal
units of the 12x177 and 12x187 cryo-EM structure (Song et al., 2014). (c) nucleosome stack from the
6x187 crystal structure (PDB ID 6HKT (Garcia-Saez et al., 2018)) represents the type II interaction ob-
served also between tetranucleosome units of the 12x177 and 12x187 cryo-EM structure. Top: Dyad axes
drawn in green run almost parallel in the stacking observed in the cryo-EM reconstructions determined
for 4x177, 4x187, 4x197 and 4x207 whereas dyad axes in the stack observed in both type I and type II
interactions are slightly tilted toward each other. Bottom: The interface between stacking nucleosomes
in the 4x177, 4x187, 4x197, 4x207 reported here and in type I interactions consists of apposed H2A-H2B
dimers (H2A in yellow, H2B in red) while in type II interactions the nucleosome stack is slightly offset
and places the N-terminal part of H4 (green) near the H2A-H2B dimer.
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4.2.4 *H1 orientation and DNA interactions

Linker histone H1 is bound on the nucleosome dyad (Figs. 4.18, 4.9, 4.11, 4.13, 4.15).

In the ten focused-refined maps where linker histone H1 is bound, H1 contacts nucleoso-

mal and linker DNA with the three previously characterized contacts (Zhou et al., 2015;

Bednar et al., 2017; Zhou et al., 2021a) (Fig. 4.18a). Loop L3 and the N-terminal part

of helix α2 contact nucleosomal DNA at the dyad, while helix α3 binds one linker DNA

and loop L1 binds the other linker DNA (Figs. 4.18a, 4.9, 4.11, 4.13, 4.15). This mode

is described in the literature as "on-dyad" (Zhou et al., 2015, 2021a) or, more accurately,

as "lopsided" (Bednar et al., 2017) because H1 is shifted slightly off-dyad. In the arrays

H1 is arranged on nucleosome 1, 2 and 4 to bind entering linker DNA with its α3 helix

while on nucleosome 3 the α3 helix is bound to the DNA exiting the nucleosome (Fig.

4.18b). H1 thus appears to be orientable to contact entry or exit DNA depending on local

DNA geometry. The orientation of H1 influences which part of the protein is accessible

for post-translational modifications or binding by other factors. The orientation on nucle-

osome stacks exposes the unstructured N-terminal tail containing residues such as K26,

S27, K34, and S35 which have been implicated in regulating H1 mobility (Kamieniarz

et al., 2012; Chu et al., 2011) and heterochromatin formation (Daujat et al., 2005) (Fig.

4.19).

4.2.5 *H1 binding depends on nucleosome repeat length

While the overall architecture of the tetranucleosome arrays studied here appears to be

conserved, the structures differ in linker histone H1 binding to the individual nucleosomes

of the array (Figure 4.18b). H1 is bound to nucleosome 2 in all four structures and is

observed on nucleosome 4 in those arrays where nucleosome 4 is resolved. However, H1

presence on stacked nucleosomes differs between the four arrays. H1 is absent from both

stacking nucleosomes of the 4x177, while it is present on nucleosome 1 in the 4x187 and

4x197 and on both stacked nucleosomes in the 4x207. Thus, all non-stacking nucleosomes

of the arrays are bound by H1 but H1 binding to stacked nucleosomes occurs only with

increasing NRL (Fig. 4.18b).

4.2.6 *H1 binding depends on linker DNA trajectory

As H1 binds to the nucleosomes of the array in the canonical manner with three DNA

contacts and as H1 is absent from some stacking nucleosomes, it seemed likely that DNA
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Figure 4.18: *H1 binding depends on nucleosome repeat length. (a) H1 binds to nucleosomes
of the array near the nucleosome dyad. The N-terminal part of the α2-helix (Nα2) and the L3 loop
contact the DNA around the dyad, whereas the α3-helix and the L1 loop interact with linker DNAs. H1
rainbow-colored from N to C terminus, DNA in white, histone octamer in wheat. (b) Focused-refined
cryo-EM densities for nucleosomes 1, 2, 3 and 4 colored by NRL (4x177 blue, 4x187 green, 4x197 yellow,
4x207 red). H1 density is in purple. Nucleosomes are all viewed the same way. Entry and exit DNA
are marked by a blue and a red dot, respectively. Focused refined maps of nucleosome 4 could not be
obtained for the 4x197 and 4x207 arrays due to higher mobility.
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Figure 4.19: *H1 N-terminal regions extend from nucleosome stack in opposite directions.
Residues regulating H1 mobility (K34 (Kamieniarz et al., 2012) and S35 (Chu et al., 2011)) and hete-
rochromatin formation (K26 and S27)(Daujat et al., 2005) protrude from the nucleosome stack on both
sides and are accessible for protein-protein interactions. The first ordered N-terminal residue of H1 is
S35, disordered residues were not observed and indicated by a dashed line. DNA in grey, histone octamer
in wheat, H1 in purple.

geometry influences whether H1 can bind to the nucleosomes by removing interaction

surfaces. An overlay of the structure of the four arrays revealed a stark and progressive

change in linker DNA trajectory with increasing NRL (Fig. 4.20). Linker DNA geometry

can be described by the angle α between the nucleosome dyad axis and linker DNA

measured in the plane of the nucleosome disc and by the angle β between the nucleosome

dyad axis and linker DNA measured in the plane normal to the nucleosome disc along

the dyad axis (Bednar et al., 2017). Due to 90◦ rotation between nucleosome 2 and the

nucleosome stack (Fig. 4.16), β seems more likely to influence H1 binding. To describe α

and β relative to the isolated H1 bound mononucleosome (PDB ID 7K5Y), ∆α and ∆β

as the difference in α and β, respectively, between the nucleosomes of the array and the

H1 bound mononucleosome were calculated (Table 4.5).

As anticipated, ∆β appeared to correlate with linker histone H1 binding (Fig. 4.21)

and nucleosomes with a ∆β close to zero for both linker DNAs had H1 bound (Fig. 4.21a).

Low ∆β values were observed for nucleosomes 2 and 4 of all arrays where linker histone

H1 was bound in all arrays (Table 4.5). However, nucleosomes with high ∆β values did

not have H1 bound, likely because sufficient contacts between linker histone and linker
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Figure 4.20: *NRL alters linker DNA trajectory at stacked nucleosomes. (a) Overlay of all
four trinucleosome structures shown in Fig. reftrinucs. With increasing NRL, linker DNA trajectories at
the stacked nucleosomes are altered. (b) β is defined as the angle between the nucleosome dyad and the
linker DNA duplex axis, projected onto the plane perpendicular to the nucleosome disc (Bednar et al.,
2017). α is defined as the angle between the nucleosome dyad and the linker DNA duplex axis, projected
onto the plane of to the nucleosome disc.

DNA could not be formed. High ∆β values were observed for entry DNA at nucleosome

3, except for the 4x207 that is also the only array with H1 bound to this nucleosome (Fig.

4.21b). Similarly, for nucleosome 1 the highest ∆β was observed in the 4x177 array that is

also the only array with H1 absent on this nucleosome (Fig. 4.21c). Thus, as nucleosome

2 moves further away from the nucleosome stack, linker DNA trajectories at nucleosomes

1 and 3 progressively relax and approach that of the isolated H1 bound mononucleosome

(Fig. 4.21a). This enables contacts between H1 and linker DNA in arrays with long NRLs

(Fig. 4.22).
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Figure 4.21: *Linker DNA trajectory determines H1 binding. For each nucleosome, ∆α and ∆β
describe the difference in α and β, respectively, between isolated H1-bound mononucleosomal linker DNA
(PDB ID 7K5Y (Zhou et al., 2021a)) and the linker DNA of the nucleosomes in the tetranucleosome array.
(a) A plot of nucleosome entry and exit DNA ∆α against its ∆β reveals that nucleosomes not bound by
H1 (ochre) separate well from the population of nucleosomes bound by H1 (purple). For nucleosome 3,
they move closer to this population with increasing NRL. (b) ∆β for nucleosome 3 entry DNA reveals
a decrease with increasing NRL. (c) ∆β for nucleosome 1 exit DNA reveals a decrease with increasing
NRL. For the depicted nucleosomes, an overlay of the 4x177 nucleosome (blue) and the isolated H1-bound
nucleosome (grey) is shown and ∆β for the different NRL arrays is listed with bound H1 indicated by
purple asterisks.
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Table 4.5: *Exit and entry DNA geometries at nucleosomes in tetranucleosome arrays.

nucleosome 1 nucleosome 2 nucleosome 3 nucleosome 4
entry/exit (◦) entry/exit (◦) entry/exit (◦) entry/exit (◦)

∆α 4x177 9.2 / 3.2 7.8 / 0.4 4.6 / 13.8 2.3 / 0.5
4x187 9.5 / 0.4 0.3 / 9.8 6.9 / 6.0 0.4 / 0.4
4x197 8.8 / 0.2 0.8 / 6.7 3.2 / 18.3
4x207 9.1 / 8.0 0.8 / 0.7 1.5 / 3.8

∆β 4x177 5.9 / 7.9 5.4 / 5.0 23.7 / 28.2 5.5 / 0.1
4x187 3.7 / 5.5 6.8 / 5.1 17.7 / 12.8 0.0 / 1.1
4x197 1.6 / 1.8 3.5 / 5.2 12.0 / 8.9
4x207 3.0 / 0.8 0.3 / 0.2 0.1 / 1.7

Figure 4.22: *Overview of H1 binding to tetranucleosome arrays. Tetranucleosome arrays
bound by linker histone H1 are moderately compacted with nucleosome 1 and nucleosome 3 forming a
nucleosome stack. Nucleosome 2 is looped out between the nucleosome stack and does not stack with
nucleosome 4. Unstacked nucleosomes have H1 bound. In short NRL arrays found near active promoters,
DNA trajectories in stacked nucleosomes deviate and preclude linker histone binding. With increasing
NRL, nucleosome 2 moves further away from the nucleosome stack and DNA trajectories in the stacked
nucleosomes relax and successively enable linker histone H1 binding to stacked nucleosomes. Long NRLs
found in silent heterochromatin enable full linker histone binding to stacked nucleosomes.
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Discussion

5.1 The structure of H1 containing nucleosome arrays

The eukaryotic genome is bound by nucleosomes that are arranged on the DNA as ’beads

on a string’ (Olins and Olins, 1974; Kornberg, 1974; Luger et al., 1997; Oberbeckmann

et al., 2019; Baldi et al., 2020). Locally, nucleosomes are regularly spaced and the spacing

is related to the transcriptional activity of the underlying genomic sequence and shorter

spacings are characteristic of active regions while longer spacings are prevalent in tran-

scriptionally repressed regions (Valouev et al., 2011; Ocampo et al., 2016; Chereji et al.,

2018; Lai et al., 2018; Baldi et al., 2018b). Several studies have solved medium resolution

structures of in vitro reconstituted nucleosome arrays using techniques like x-ray crystal-

lography or cryo-electron microscopy (cryo-EM) of chemically crosslinked samples that

decrease inherent array dynamics and have found well ordered and compacted chromatin

fibers (Schalch et al., 2005; Song et al., 2014; Ekundayo et al., 2017; Garcia-Saez et al.,

2018; Adhireksan et al., 2020). However, in vivo nucleosomes rather exist in small dis-

ordered clusters (Eltsov et al., 2008; Nishino et al., 2012; Ricci et al., 2015; Chen et al.,

2016; Ou et al., 2017; Risca et al., 2017; Cai et al., 2018; Ohno et al., 2019; Xu et al.,

2021; Beel et al., 2021). In addition, a relationship between linker histone H1 content and

nucleosome repeat length (NRL) has been established (Blank and Becker, 1995; Gunjan

et al., 1999; Fan et al., 2005; Woodcock et al., 2006; Eggers and Becker, 2021). While H1

binding to single nucleosomes has been studied at high resolution for different H1 sub-

types, how nucleosome arrays are recognized by H1 and the relationship to NRL remains

controversial (Zhou et al., 2013; Song et al., 2014; Zhou et al., 2015, 2016; Bednar et al.,

2017; Garcia-Saez et al., 2018; Zhou et al., 2018, 2021a). The precise structural nature of

short nucleosome arrays with different spacings and its relationship to H1 binding thus

remains elusive.

This thesis presents the cryo-electron microscopy (cryo-EM) structures of linker hi-

stone H1 containing arrays of four nucleosomes with NRL similar to those found near

active promoters (4x177), in gene bodies of actively transcribed genes (4x187, 4x197)

and in transcriptionally repressed heterochromatin (4x207) (Valouev et al., 2011). All

four structures contain a zig-zag arrangement of nucleosomes and a trinucleosome core

75



76 5 | Discussion

with stacked nucleosomes 1 and 3 and looped out nucleosome 2 that does not stack with

nucleosome 4 (Fig. 4.7, 4.16). H1 appears to bind on-dyad and contacts nucleosomal

DNA on the dyad and the entry and exit linker DNA (Fig. 4.18a). H1 is bound to all

non-stacked nucleosomes but occupancy in stacked nucleosomes increases with NRL (Fig.

4.18b). With increasing NRL, the exit and entry DNA trajectories of stacked nucleosomes

change, approach that of the H1-bound isolated mononucleosome and likely enable H1

binding (Fig. 4.20, 4.21, 4.22; Table 4.5). These findings have important implications

for understanding chromatin structure and H1 binding in the context of transcriptional

activity of nucleosome arrays.

5.1.1 A zig-zag arrangement of nucleosomes

The structures presented here show an arrangement of the nucleosome array in which the

linker DNA travels back and forth between consecutive nucleosomes (Figs. 4.7, 4.16).

This arrangement is termed zig-zag arrangement or two-start helix (Thoma et al., 1979;

Woodcock et al., 1984). Interaction studies in vitro and in vivo have shown this to be

the prevalent local organization of nucleosomes (Dorigo et al., 2004; Risca et al., 2017;

Ohno et al., 2019). Similarly, all in vitro x-ray crystallography and cryo-EM studies and

in vivo cryo-electron tomography studies in which the DNA path could confidently be

identified show a zig-zag arrangement of nucleosomes (Schalch et al., 2005; Song et al.,

2014; Ekundayo et al., 2017; Garcia-Saez et al., 2018; Beel et al., 2021).

Additionally, an interdigitated arrangement of the chromatin fiber called solenoid has

been proposed in which nucleosomes are helically arranged along the fiber axis (Finch

and Klug, 1976). Simulations suggest that this model might only be viable for very long

NRL (Perišić et al., 2010) beyond the 207 bp used here. The 4x207 array adopts a zig-zag

confirmation here (Fig. 4.16), but as only a short array of four nucleosomes was used it

might be possible for a subpopulation of particles to adopt the solenoid in arrays longer

than four nucleosomes. However, there are indications that H3K9me3 chromatin charac-

teristic for HP1 compacted heterochromatin, which has long NRL (Valouev et al., 2011),

adapts a zig-zag confirmation in vivo (Risca et al., 2017). In summary, the structures of

nucleosome arrays across a range of physiologically relevant NRL presented here show a

zig-zag arrangement of nucleosomes which has been suggested to be a main component of

chromatin architecture (Dorigo et al., 2004; Perišić et al., 2010; Risca et al., 2017; Ohno

et al., 2019).
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5.1.2 Nucleosome stacking

In all structures of arrays presented here, we observe stacked nucleosomes (Fig. 4.16).

Cryo-EM single particle analysis relies on averaging of many particle images and thus bi-

ases analyses to populations that cluster very close together in conformational space. This

would suggest that stacked nucleosomes frequently occur in nucleosome arrays. Indeed,

simulations and small angle x-ray scattering (SAXS) experiments corroborate this (Ding

et al., 2021; Mauney et al., 2021). Alas, the relative abundance of stacked nucleosomes

over non-stacked nucleosomes cannot be easily estimated by single particle analysis as

arrangements with less defined interactions between nucleosomes are likely to be more

flexible and cannot be resolved by averaging. However, H1 binding to arrays seems to

shift array conformation to stacked nucleosomes, as in vitro, nucleosome arrays lacking

H1 at similar buffer conditions to the ones used here show an extended configuration of

nucleosomes (Takizawa et al., 2020). Overall, stacked nucleosomes thus appear to be a

common motif in H1 bound chromatin arrays.

At high resolution, two types of stacking have previously been observed. In type II

stacking, nucleosomes are slightly offset; this stacking has been observed in the 6x187

crystal structure (Garcia-Saez et al., 2018) and between tetranucleosome units of the

12x177 and 12x187 (Song et al., 2014). Interactions between the H4 N-terminal tail and

the H2A-H2B acidic patch of apposing nucleosomes have been suggested, similar to the

interparticle interactions in the mononucleosome crystal (Song et al., 2014; Garcia-Saez

et al., 2018; Luger et al., 1997). Type I stacking is very tight with H2A-H2B dimers

of apposing nucleosomes being very close together. This stacking has been observed in

the 4x167 crystal structure (Schalch et al., 2005) and in the tetranucleosome unit of the

12x177 and 12x187 (Song et al., 2014). In this stacking, the interaction between the H4

N-terminal tail and the acidic patch are not possible (Schalch et al., 2005).

The structures presented here show stacking very similar to type I (Fig. 4.17). Inter-

estingly, this stacking is similar to the stacking observed by cryo-EM in trinucleosomes

compacted with physiological Mg2+ concentration (Takizawa et al., 2020). As indicated

above, H1 binding to the array likely induces this stacking in which the H4 N-terminal

tail cannot engage with the acidic patch of the other stacked nucleosome. However, the

H4 tail has been shown to be the first point of contact between nucleosomes and to be

involved in chromatin folding (Dorigo et al., 2004; Zhang et al., 2017). In this way, the

H4 tail might protrude from the nucleosome stack and be available for interactions with
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other nucleosomes (Fig. 4.17). Indeed, H1 bound chromatin has been shown to favor

interactions between chromatin arrays (Kan et al., 2009). It is thus tempting to speculate

that H1 may favor compaction of chromatin by inducing short range interactions such as

stacking and long range interactions by making the H4 tail available for interactions with

nucleosomes that are further away on the linear genome.

5.1.3 Structural units of chromatin

The cryo-EM structures of the H1 containing 12x177 and 12x187 arrays revealed a twisted

arrangement of tetranucleosome units, similar to those of the 4x167 crystal structure,

stacked on each other (Song et al., 2014). The twist between tetranucleosome units de-

pended on H1 binding to nucleosomes off-dyad and dimerizing between tetranucleosome

units (Song et al., 2014). Studies using single-molecule force spectroscopy on similar

arrays revealed length transitions that could be explained by tetranucleosome units suc-

cessively unfolding (Li et al., 2016) and in vivo crosslinking studies found two basic folding

motifs of tetranucleosomes (Ohno et al., 2019) to provide further evidence for an array of

four nucleosomes forming a recurring structure within chromatin. However, the chemical

crosslinking reagent used in the cryo-EM study was shown to alter both H1 binding to

arrays and the structure of the chromatin array (Zhou et al., 2018). Additionally, the

H1 bound 6x187 crystal structure showed a flat array with uniform stacking along the

chromatin fiber (Garcia-Saez et al., 2018). It is thus unclear whether a recurring motif

exists within chromatin.

The structures presented here all share a common trinucleosome core (Fig. 4.16).

Indeed, there is a study that indicates that trinucleosomes could form a structural unit

(Ishihara et al., 2021). There, the authors mildly crosslinked chromatin, fragmented it,

analyzed it by sedimentation velocity centrifugation and sequencing and found average

fragment sizes of 300-500 bp that could correspond to structural units of 2 to 3 nucleo-

somes. It is unclear whether trinucleosomes present a significant population of chromatin

in vivo. Cryo-electron tomography (cryo-ET) of frozen hydrated cells failed to find clear

enrichment of distinct units beyond the nucleosome (Cai et al., 2018; Beel et al., 2021). It

has been suggested that chromatin binding factors compete with nucleosome-nucleosome

interactions and modulate chromatin fiber folding leading to a variety of possible struc-

tures depending on the function of the underlying chromatin (Kalashnikova et al., 2013a).

These interactions likely contribute to the heterogeneous structure of chromatin in the
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nucleus but the accurate determination of the local chromatin interactome and epigenetic

status in combination with in situ structural biology approaches may prove to be techni-

cally challenging.

5.1.4 The effect of salt on chromatin structure

Chromatin structure is highly responsive to salt concentration of the surrounding buffer

(Garcia-Saez et al., 2018; Zhou et al., 2018; Takizawa et al., 2020). The structures pre-

sented here are solved in the absence of salt under the same conditions used for the

cryo-EM structure of the 12x177 and 12x187 (Song et al., 2014). At the beginning of

the project, NaCl concentrations between 0 mM and 150 mM were used for cryo-EM

grid preparation and screened (Fig. A.1). Of these, grids prepared with arrays in 0 mM

NaCl showed well separated particles (Fig. A.1A), whereas clustering or aggregation was

observed in sample containing NaCl (Fig. A.1B-D). However, during preparation of other

samples, similar behavior was also observed for the sample with 0 mM NaCl, indicating

that variables beyond immediate control of the experimenter, such as fluctuations in ice

thickness and fluctuations in chamber and room humidity and temperature, likely influ-

ence particle behavior in the thin liquid film. This lack of reproducibility is a known

phenomenon during cryo-EM grid preparation and methods are being developed to in-

crease reproducibility (Weissenberger et al., 2021).

Salt has been shown to compact nucleosome arrays (Garcia-Saez et al., 2018; Zhou

et al., 2018) likely due to screening of the negative charge of DNA (Widom, 1986). The

4x177 trinucleosome core presented here is very similar to the H1 compacted tetranucle-

osome unit of the 4x177 without salt (Fig. A.2A) (Song et al., 2014) and to the 3x177

lacking H1 but compacted with Mg2+ (Fig. A.2B) (Takizawa et al., 2020). It is thus

likely that with the addition of salt, nucleosome 4 might stack with nucleosome 2 and

lead to similarly distorted DNA trajectories as in the stack consisting of nucleosomes 1

and 3 and destabilize H1 binding there. However, studying the structure of H1 bound

tetranucleosome arrays in the presence of physiological salt concentrations will fortify the

findings presented in this work.
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5.1.5 H1 binding to nucleosomes within arrays

While the structure of H1 bound nucleosomes has been intensely studied at high resolu-

tion, how H1 binds to nucleosome arrays is unclear. The globular domain of the somatic

variants H1.1 to H1.5 is conserved in humans (Fig. 1.3a) and both H1.4 and H1.5 bind to

the mononucleosome contacting nucleosomal DNA on the dyad and interacting with both

linker DNAs (Zhou et al., 2015; Bednar et al., 2017; Zhou et al., 2021a). Interestingly,

in the context of nucleosome arrays H1.4 appeared to be shifted away from the dyad and

interacted with only one linker DNA and seemed to dimerize between tetranucleosome

units (Song et al., 2014). Further, H1 seemed to bind off-dyad but different from the off-

dyad binding observed for Drosophila melanogaster H1 (Zhou et al., 2013). However, the

authors of this cryo-EM study used chemical crosslinking that was later shown to change

H1 binding to mononucleosome and change the structure of H1 containing nucleosome

arrays (Zhou et al., 2018). It is thus unclear whether the arrangement of linker DNA

changes H1 binding in nucleosome arrays or whether the difference in binding is a conse-

quence of chemical crosslinking. Surprisingly, the H1 containing 6x187 crystal structure

did not allow for accurate identification of H1 density (Garcia-Saez et al., 2018) and could

not resolve the controversy of how H1 binds to nucleosome arrays.

The structures presented here were solved from tetranucleosome arrays reconstituted

with H1 without the use of any crosslinking agents. The cryo-EM maps showed clear sec-

ondary structure elements for the extra density near the nucleosome dyad that could thus

be confidently identified as H1 (Figs. 4.8–4.15). Where H1 binding is observed, it binds

the nucleosome dyad in the previously described "on-dyad" binding mode (Fig. 4.18)

(Zhou et al., 2015; Bednar et al., 2017; Zhou et al., 2021a) and not the "off-dyad" modes

observed for Drosophila H1 (Zhou et al., 2013) or the crosslinked 12x177 and 12x187

(Song et al., 2014). In arrays unperturbed by chemical crosslinking, full length human

H1.4 thus binds to nucleosomes within arrays with its globular domain on the nucleosome

dyad.

5.1.6 H1 bound to nucleosome stacks

H1 binding to nucleosomes is on-dyad but slightly off center (Fig. 4.18 and Zhou et al.

(2015); Bednar et al. (2017); Zhou et al. (2021a)). It is interesting to note that H1 binds to

stacking nucleosomes with its center of mass on the outside of the nucleosome stack (Fig.
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4.19). Interestingly, this puts H1 in a similar position to that observed in the tetranucle-

osome units of the 12x177 and 12x187 cryo-EM structures (Song et al., 2014). There, H1

from adjacent tetranucleosome units might be close enough to be crosslinked together,

explaining the observed shift compared to the on-dyad binding mode (Zhou et al., 2018).

As stated above, the orientation of H1 on the nucleosome stack exposes residues of the

N-terminal tail domain implicated in regulating H1 function on the surfaces of the nu-

cleosome stack where they would be accessible. Interestingly, methylation of one residue

there, K26, was suggested to contribute to the recruitment of HP1 to the nucleosome

(Daujat et al., 2005). The structure of an H3K9me3 containing dinucleosome has been

solved previously and showed that HP1 dimers bridge consecutive nucleosomes and ex-

pose the linker DNA (Machida et al., 2018). However, this study lacked H1 and might not

reflect the local environment in vivo. Based on the data presented here, it is tempting to

speculate that HP1 may bind to and bridge H1 containing H3K9me3-nucleosome stacks

to contribute to heterochromatin formation. It is likely that a combination of interactions

observed in the cryo-EM structure of the H3K9me3 dinucleosome and the interactions

proposed above may be observed.

5.1.7 H1 and NRL

While H1 binds to nucleosomes in the canonical on-dyad mode, exit and entry DNA tra-

jectories appear to modulate whether H1 can actually bind to individual nucleosomes of

the array. The structures show that nucleosomes of the array that are not stacked to

other nucleosomes (nucleosomes 2 and 4) always have H1 bound (Fig. 4.18). There, entry

and exit DNA trajectories do not deviate much from the ideal trajectories observed in

H1 bound to isolated nucleosomes (Fig. 4.21 and Table 4.5). In contrast to this, DNA

trajectories in stacked nucleosomes 1 and 3 of the 4x177 array deviate substantially from

the ideal geometry (Fig. 4.21 and Table 4.5). Nucleosomes 1 exit DNA and nucleosome

3 entry DNA are both connected to nucleosome 2 which has H1 bound and this likely

determines the DNA trajectories at nucleosomes 1 and 3. In particular, due to the ca.

90◦ rotation of nucleosome 2 to stacking nucleosomes 1 and 3, H1 binding to nucleosome

2 might restrict the angle β in stacking nucleosomes 1 and 3. This large deviation might

displace DNA far enough to weaken H1 binding in the 4x177 array.

Intriguingly, the deviation decreases with increasing NRL, suggesting that the in-

creased linker DNA length might be able to ameliorate the restrictive effect on DNA
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trajectories in nucleosomes 1 and 3 by H1 binding to nucleosome 2 (Fig. 4.21 and Table

4.5). The decrease appears to progress successively as the NRL increases by 10 bp. This

is immediately appreciable in nucleosome 3 entry DNA (Fig. 4.21b). Thus, nucleosome 2

that has H1 bound, moves further away from the nucleosome stack with increasing NRL

(Fig. 4.16) leading to a decreasing deviation in β for stacking nucleosomes to allow for

stable H1 binding in stacking nucleosomes in long NRL arrays (Fig. 4.21 and Table 4.5).

The electrophoretic mobility shift assays (EMSA) confirm that all nucleosomes of all

arrays are transiently bound by H1 (Fig. 4.6). However, the large linker DNA trajec-

tory deviation in some nucleosomes may destabilize H1 binding. During cryo-EM sample

preparation shearing forces generated by blotting away excess liquid on the cryo-EM grid

or effects near the air-water interface (Glaeser, 2018) may lead to dissociation of these

weakly bound H1 copies.

The structures presented here also provide a basis for explaining the observed phe-

nomenon of an increased H1 content leading to longer NRL (Fan et al., 2005; Woodcock

et al., 2006). Short NRL may disfavor H1 binding but an increase in H1 concentration

may lead to an increase in H1 binding to short NRL arrays and may widen the nucleosome

footprint against which remodelers space (Oberbeckmann et al., 2021b) until the spacing

is long enough to accommodate H1 stoichiometrically. Then, remodeling complexes such

as ACF may still space H1 bound nucleosomes and increase the NRL (Maier et al., 2008).

A similar mechanism of H1 exclusion from nucleosomes has been demonstrated for

nucleosomes containing the H3 variant CENP-A (Roulland et al., 2016; Zhou et al., 2019;

Takizawa et al., 2020). CENP-A contains a shorter α3 helix and binds less DNA at the

nucleosome entry and exit sites, leading to a more open conformation that does not permit

H1 binding to CENP-A nucleosomes (Zhou et al., 2019). However, the structures pre-

sented here go beyond the mononucleosome and elucidate how in nucleosome arrays, the

physiologically relevant template for nuclear processes, the arrangement of nucleosomes

within an array influences H1 binding and how this arrangement changes with NRL to

modulate H1 binding.

5.1.8 Short NRL may contribute to H1 eviction

H1 needs to be depleted from promoters for transcription to occur (Millán-Ariño et al.,

2014; Shimada et al., 2019). Several mechanisms of H1 eviction have been proposed, in-

cluding gene specific pathways dependent on core histone acetylation and NAP1-mediated
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eviction (Shimada et al., 2019), modulation by post-translational modifications (Misteli

et al., 2000; Izzo and Schneider, 2016; Fyodorov et al., 2018), and direct competition with

pioneer transcription factors, HMG proteins or PARP1 (Cirillo et al., 1998, 2002; Krish-

nakumar et al., 2008; Postnikov and Bustin, 2016).

The data presented here suggest an alternative mechanism that may contribute to H1

depletion or the maintenance of H1 depletion in short NRL arrays. The structures of H1

bound nucleosome arrays explain why H1 can bind to stacking nucleosomes of arrays with

long NRL but not to stacking nucleosomes of arrays with short NRL. As indicated above,

stacking nucleosomes make up a substantial population of nucleosomes in solution (Ding

et al., 2021; Mauney et al., 2021) and stacking appears to be induced by H1 binding (Tak-

izawa et al., 2020). H1 binding may thus be disfavored in short NRL arrays. Intriguingly,

short NRL are correlated with higher transcriptional activity and H1 depletion in vivo

(Ocampo et al., 2016; Chereji et al., 2018). Further, in vitro reconstituted chromatin with

purified core histones, remodelers, histone chaperones and H1 revealed that chromatin as-

sembled by ACF, which sets long NRL, can incorporate H1, while chromatin assembly by

CHD1, which sets short NRL, cannot incorporate H1 (Lusser et al., 2005). It is unclear

whether this reflects differences in remodeler activity and interactions or whether this is

influenced by the effects seen in this work. To test this, arrays with predefined nucleo-

some spacings such as the ones used here could be reconstituted and the efficiency of H1

incorporation could be probed by EMSA.

5.1.9 Long NRL may contribute to transcriptional repression

At first glance it seems counterintuitive that transcriptionally repressed heterochromatin

should have longer NRL (Valouev et al., 2011; Ocampo et al., 2016; Chereji et al., 2018)

as this would expose more DNA. However, the data presented here suggest that H1 may

bind more stably to long NRL arrays. In vitro studies revealed that while H1 compacted

chromatin does not prevent activator binding, it does inhibit transcription (Shimada et al.,

2019). Accessibility of DNA may thus not be the only factor determining transcriptional

activity (Chereji et al., 2019). Indeed, H1 is though to carry out transcriptional re-

pression by a variety of mechanisms that include physical occlusion of DNA sequences by

direct binding, chromatin compaction, recruitment of chromatin modifiers associated with

transcriptional repression and inhibition of chromatin modifiers associated with transcrip-

tional activity (Fyodorov et al., 2018; Shimada et al., 2019). Long NRL arrays that bind
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H1 more stably may thus be enriched for these repressive interactions and contribute to

transcriptional repression.



Outlook

This work presents the structures of tetranucleosomes with a variety of physiologically

relevant nucleosome repeat lengths. Due to the absence of crosslinking methods, the

structures are dynamic, and extensive computational sorting had to be performed to

determine the trinucleosome consensus maps. However, these structures provide a ba-

sis for subsequent experiments to improve our knowledge of chromatin structure, linker

histone H1 biology and the effect of nucleosome arrays on various aspects of transcription.

6.1 Binding behavior of H1 subtypes

The data presented here indicate that H1 binding may depend on linker DNA trajecto-

ries that depend on the higher order structure of nucleosome arrays. Recent simulations

based on cryo-EM work suggested that different H1 variants may induce different entry

and exit DNA dynamics (Zhou et al., 2021a). Taken together with the observation that

different variants induce different spacings in in vivo titration experiments, this raises the

possibility that different subtypes may be able to be accommodated by different DNA

trajectories. It would therefore be interesting to structurally study binding of H1 variants

to nucleosome arrays of different NRL and evaluate whether the arrangement of nucleo-

somes deviates, possibly favoring a less compact arrangement, and whether some variants

may bind already in shorter NRL.

6.2 Transcription initiation and nucleosome arrays

In yeast and metazoans, an array of phased nucleosomes extends from the nucleosome de-

pleted region (NDR) into the gene body (Fig. 1.2) (Yuan et al., 2005; Lai and Pugh, 2017).

Several lines of evidence suggest that the nucleosome organization near the transcription

start site (TSS) modulates transcription initiation. Depletion of a general regulatory

factor (GRF) in budding yeast led to transcription initiation occurring away from the

canonical TSS (Challal et al., 2018). Concomitant with this ectopic initiation, the au-
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thors of this study observed a change in nucleosome positioning (Challal et al., 2018). In

fission yeast, CHD1-type remodelers generate the phased array near the TSS and their

depletion led to dysregulation of gene expression for some genes (Hennig et al., 2012;

Pointner et al., 2012). Additionally, in budding yeast the remodeler RSC was shown to

be important for NDR generation and nucleosomes invade the NDR upon RSC depletion,

leading to different choices of TSS selections (Klein-Brill et al., 2019).

But while there appears to be a link between promoter proximal chromatin organi-

zation and transcription initiation, its precise mechanisms remain elusive. Recent work

elucidated the structures of mammalian pre-initiation complexes with the coactivator

complex Mediator (Abdella et al., 2021; Chen et al., 2021; Rengachari et al., 2021). How-

ever, it remains unclear how the phased array of nucleosomes that is present at the TSS

interacts with the PIC and modulates its function. Structural and complementary bio-

chemical studies of transcription initiation upstream of nucleosome arrays will therefore

provide insight into how transcription is regulated by its natural chromatin template and

how this may be modulated by incorporation of histone variants and by histone post-

translational modifications.

6.3 Nucleosome arrays beyond 10n

A meta-analysis of average linker DNA lengths across different cell types and organisms

found a quantization of the nucleosome repeat length (NRL) by integer multiples of 10

(10n, n ∈ N) that corresponds roughly to the helical repeat of the DNA double helix

(Franklin and Gosling, 1953; Watson and Crick, 1953; Widom, 1992). All published high

resolution structures of nucleosome arrays and the ones presented in this work use 10n

spacing (Schalch et al., 2005; Song et al., 2014; Ekundayo et al., 2017; Garcia-Saez et al.,

2018).

Traditionally, light digestion of chromatin with micrococcal nuclease was used to gen-

erate a ladder pattern in agarose gel electrophoresis from which the NRL can be read

(Baldi et al., 2020). However, in contrast to yeast, measuring nucleosome positions in

metazoan cells is technically challenging as nucleosomes there are poorly positioned (Val-

ouev et al., 2011; Teif et al., 2012; Baldi et al., 2018b). More recently, high throughput

next-generation sequencing has been used in combination with various chromatin frag-

menting or labeling approaches to determine the NRL more accurately and at individual
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loci (Baldi et al., 2018b, 2020). While recent work in yeast suggests that the preferred

linker quantization there might be 10n+5, it remains unclear whether preferred quantiza-

tion exists in metazoans (Wang et al., 2008; Chereji et al., 2018).

Each additional base pair would introduce a circa 36◦ right-handed rotation leading

to a relative rotation of the two sides of a zig-zag array. Indeed, for a trinucleosome with

10n+2 linkers (22 bp) this rotation was observed between the nucleosome stack and the

connecting nucleosome (Takizawa et al., 2020). Interestingly, the authors of this study

observed both an inward and outward DNA path. The inward DNA path corresponds to

the path observed in this work and in previous studies using 10n linkers (Schalch et al.,

2005; Song et al., 2014; Ekundayo et al., 2017; Garcia-Saez et al., 2018). It remains un-

clear whether the fraction of particles with outwards paths changes in different 10n+x

with n, x ∈ N and 0 ≤ x ≤ 9. Simulations suggest different topologies for 10n and 10n+5

fibers and conversion between the two topological states likely necessitates topoisomerase

activity (Zhurkin and Norouzi, 2021). There are indications that 10n+5 fibers favor less

compact chromatin and might thus be more transcriptionally active in yeast (Zhurkin

and Norouzi, 2021). It is tempting to speculate that the effect of increased H1 binding to

longer NRL arrays would also be observed there as with increasing linker length, nucleo-

somes would move further apart and have less of a restrictive effect on the trajectories of

neighboring nucleosomes. It would therefore be interesting to structurally characterize H1

binding to 10n+5 arrays and study how the outwards DNA path influences H1 binding

in the context of different NRL.

6.4 Chromatin organization at the nuclear lamina

Chromatin at the nuclear lamina is associated with repressed genes and the repressive

histone mark H3K9me3 and many multivalent interactions between chromatin and vari-

ous proteins of the nuclear lamina have been proposed (van Steensel and Belmont, 2017).

Among those, HP1 has been suggested to tether chromatin to the nuclear lamina by in-

teracting with the membrane integral lamin B receptor (LBR) (Ye and Worman, 1996)

but it is unclear how these interactions work. As indicated above, the structure of the

HP1 bound H3K9me3 containing dinucleosome (Machida et al., 2018) might not reflect

the local heterochromatin environment in vivo. Structural studies of short nucleosome

arrays, modified with H3K9me3, bound by H1 trimethylated at K26 in the presence of
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HP1 and parts of LBR will be informative for our understanding of chromatin organiza-

tion near the nuclear lamina.

6.5 The conformational landscape of nucleosome arrays

The structures presented here demonstrate how the three dimensional arrangement of nu-

cleosomes can influence binding of chromatin factors and how chromatin binding factors

may affect the structure of chromatin. It is thus likely that an intricate interplay exists

that locally leads to favored and disfavored combinations of chromatin binding factors to

determine chromatin function. Experimentally probing the conformational landscapes of

nucleosome arrays of different NRL with different epigenetic modifications and different

chromatin binding factors will thus improve our understanding of chromatin function.

6.5.1 Technical limitations of conventional single particle analysis

The dynamic nature of chromatin is well established in the literature (Garcia-Saez et al.,

2018; Zhou et al., 2018). Conventional single particle analysis relies on averaging signal

from a large set of particle images (Scheres, 2012). The continuous conformational het-

erogeneity that is likely present in all macromolecular complexes is routinely treated by

assigning particle images into a user defined number of classes (Scheres, 2016) likely lead-

ing to a loss of information about internal motion that may be central to macromolecular

function.

6.5.2 Probing the conformational landscape of nucleosome arrays

Several approaches to study the conformational landscapes of protein complexes by cryo-

electron microscopy have been described. These include but are not limited to three-

dimensional (3D) principal component analysis (PCA) (Haselbach et al., 2018), manifold

embedding (Frank and Ourmazd, 2016) and machine learning based algorithms (Zhong

et al., 2021; Punjani and Fleet, 2021). It remains to be tested whether these approaches

are already refined enough to study arrays of nucleosomes, which have too vast a confor-

mational space to yield even medium resolution consensus maps without extensive sorting
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of particle images that may lead to loss of information of the conformational landscape.

Beside the computational approaches outlined above, the conformational landscape of

chromatin can also conveivably be studied by cryo-electron tomography (cryo-ET). Chro-

matin exists as repeating units of nucleosomes (Kornberg, 1974). Nucleosomes connected

by linker DNA can adapt a variety of relative translations and rotations. Using cryo-

ET, three dimensional information on individual particles can be recorded and analyzed

(Turk and Baumeister, 2020). In this way, the relative orientations and translations be-

tween individual nucleosomes of individual tetranucleosome particles can be determined.

Based on these data, PCA based or machine learning based approaches can be used to

approximate the conformational landscape of tetranucleosomes. Along these lines, data

from simulations of tetranucleosomes has been used to determine the pairwise distances

between nucleosome centers in tetranucleosome particles from which a neural net was

trained to derive a folding pathway (Ding et al., 2021). It would be interesting to study

the effect of different NRL or histone PTMs on the conformational space of nucleosome

arrays as there might be combinations of variables that modulate conformational space

in a way that could stabilize binding of other factors.

6.5.3 Chromatin organization inside the nucleus

Inside the nucleus, chromatin likely exists with various histone modifications and variants

and in complex with a variety of chromatin binding proteins that are locally enriched

depending on the genomic region and its transcriptional state. The interactions between

chromatin binding proteins have been proposed to shape chromatin structure (Kalash-

nikova et al., 2013a), making chromatin structure in or ex vivo very heterogeneous (Cai

et al., 2018; Beel et al., 2021; Xu et al., 2021). Nevertheless, the explorative structural

study of the nucleus especially in connection with correlative light and electron microscopy

(Dobbie, 2019) and focused ion beam milling approaches (Arnold et al., 2016) to target

specific genomic loci by fluorescently tagged deactivated Cas9 (Chen et al., 2013; Ma

et al., 2015) will substantially improve our understanding of native chromatin structure.

Data about the conformational space of nucleosome arrays will help to interpret the ar-

rangement of nucleosomes found in vivo.
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Supplementary Materials

Figure A.1: Cryo-screening of 4x188 arrays with different NaCl concentrations. In the
beginning of the project different NRL were tested, including 188 bp for which a template with 12
nucleosomes already was available in the lab. Nucleosome arrays were reconstituted and different sodium
chloride concentrations ((A) 0 mM, (B) 50 mM, (C) 100 mM, (D) 150 mM) were tested for cryo-EM
sample prepartion and screened in a Glacios 200 kV transmission electron microscope. Initial screening
results showed well separated particles for sample without any salt (A). These conditions were also used
for the previously published cryo-EM structure of the 12x177 and 12x188 (Song et al., 2014). However,
during later preparations of 4x177, 4x187, 4x197 and 4x207 a large fraction of cryo-EM grids prepared
under these conditions also presented aggregated or clustered particles as in (B), (C) and (D), indicating
that suitable sample might also be possible with higher salt concentrations.
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Figure A.2: The structures of compacted nucleosome arrays. The cryo-EM structures of the
(A) tetranucleosome unit of the 4x177 compacted with H1 (green) and (B) 3x177 trinuc compacted with
Mg2+ (red) fitted with the 4x177 trinucleosome core determined in this work (DNA in blue, core histones
in khaki, H1 in purple).
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